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ABSTRACT
A stratigraphic section developed for the Bremerton rocks in the Kitsap Peninsula 
suggests formation by rifting in a marine environment. Basal gabbro, dated by 40Ar/39Ar 
at 49.8 Ma plus or minus 0.8 Ma, and associated mafic to felsic plutonics, appear to be the 
source of a mafic dike complex that composes 100% of the stratigraphic level above the 
plutonics. These dikes are the apparent feeders to overlying submarine and subaerial 
volcanics. The previously unrecognized submarine sequence consists of interbedded basaltic 
breccia, tuffs, basalt flows, and basaltic sandstone, siltstone, and conglomerate.
Approximately 1 km of columnar basalt flows cap the sequence.
Structures in the Bremerton rocks suggest that as many as four deformations may have 
affected these rocks. In the middle Eocene, extension to the north or northwest caused rifting 
and emplacement of the mafic dikes and lavas; several faults show that this extension was 
joined or followed by northeast-directed compression. Small faults and shears may have 
formed later by compression to the northwest. Reactivation of one of these faults and 
emplacement of northwest-striking Cascade arc(?) dikes suggest the latest deformation was 
extension to the northeast.
The gabbro and basalts have chemistry transitional between N-type MORB and enriched 
ocean island basalt. Large-ion-lithophile to high-field-strength trace element ratios are 
similar to those of back-arc basin basalt. Felsic plutonics are enriched in elements 
(especially Zr) indicative of an arc influence. Several dikes intruding the gabbro are 
chemically indistinguishable from P-type (plume) ocean island basalt.
Stratigraphic sections were developed in the basalts of the Crescent Formation and for 
basalts near Port Townsend in the Olympic Peninsula. Comparison to the subaerial basalts 
near Bremerton shows that the latter are quite similar to the upper subaerial Crescent 
Formation basalts and Port Townsend basalts. New chemical data for 16 flows of the Olympic 
Peninsula basalts are also similar to that of the Bremerton rocks.
Stratigraphic and chemical similarities imply that rocks of all three areas are coeval. 
Deposition of the Crescent Formation basalts on a continentally-derived fan, stratigraphic 
and structural characteristics of the Bremerton rocks, and geochemical data on rocks of ail 
three areas suggest that these rocks formed by rifting of the western margin of the North 
America continent. Following rifting and basalt generation, the rocks may have moved north
IV
due to oblique convergence of the oceanic and continental plates, where they were thrust 
under Vancouver Island along the Leech River Fault. Thrusting moved outboard of the basalts 
and underlying fan; continued convergence thrust marine sediments that make up the Olympic 
core rocks beneath the basalts and underlying fan.
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INTRODUCTION
Regional Geology
The basement of the Cascade Range of western Washington (Figure 1.1) is composed of 
accreted terranes of Mesozoic and Paleozoic age (Davis et al., 1978; Brown, 1987) that were 
probably transported and emplaced by coast-wise translation due to oblique convergence 
(Beck, 1983) of the North American plate and an oceanic plate during the late Mesozoic and 
early Tertiary. This was the older continental margin against which the Coast Range basalts 
were emplaced in the early Eocene. From then to about 43 Ma, volcanism in the northwest 
took place in the broad Challis volcanic arc in the area of present day eastern Washington, 
Oregon, and Idaho (Wells et al., 1984). Arc volcanism moved westward by about 42 Ma, 
producing calc-alkaline volcanism and plutonism in the North Cascade Range (Wells et al.,
1984) and perhaps the andesite and dacite dikes intruding the Coast Range basalts near Port 
Townsend (Tabor and Cady, 1978) and Bremerton (Reeve, 1979).
At least seven models have been proposed for the origin of these and other Coast Range 
basalts (the first 5 are summarized in Duncan, 1982): 1) the basalts may have risen from 
the mantle along north-south fissures and accumulated in a eugeosynclinal trough along the 
coast of Oregon and Washington (Snavely and Wagner, 1963); 2) a line of seamounts may 
have formed on the Farallon plate east of the proto-Juan de Fuca Ridge and later accreted 
during plate collision (Snavely et al., 1968; Snavely and MacLeod, 1974; Cady, 1975); 3) 
tholeiitic basalts of the ocean floor (Snavely et al., 1980; McWilliams, 1980) may have been 
juxtaposed against subaerial alkalic basalts (Glassley's upper member) of perhaps local 
continental origin (Glassley, 1973) during plate collision; 4) the basalts may have formed 
during island arc volcanism along the continental margin during Paleocene to early Eocene 
time (Lyttle and Clarke, 1975); and 5) hot spot volcanism may have produced the basalts at 
the Farallon-Kula spreading ridge; later these basalts may have been rotated and accreted 
during subduction of the Farallon plate (Simpson and Cox, 1977). Wells et al. (1984) also 
offered a hot spot model for the origin of the Crescent Formation and other Coast Range basalts. 
They suggested two additional models as well: 1) the basalts may have been generated along 
leaky fractures and subsequently accreted, or 2) eruption may have occurred during oblique 
rifting of the outer continental margin.
FIGURE 1.1 Location map of the Coast Range Basalts i n Washi ngton and Oregon.
BREMERTON ROCKS 
METCHOSINYOLCANICS 
PORT TOWNSEND ROCKS 
OTHER COAST RANGE BASALTS
UPPER CRESCENT BASALTS 
I I LOWER CRESCENT BASALTS 
^1 CORE ROCKS
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Whether these basalts formed by rifting of the continental margin or were accreted 
following formation off the coast, they were subsequently underthrust by a sequence of 
sedimentary-tectonic packets of possibly Paleocene to Miocene age (Cady, 1975). These 
packets make up the core of the Olympic Peninsula. A middle or late Miocene doming event 
may have produced the apparent oroclinal bend (Figure 1.1) in the basalts and the structural 
dome in the core rocks (Cady, 1975).
Pleistocene continental glaciation produced the present day subdued topography of the 
Puget Sound lowland (Waitt and Thorson, 1983) whereas alpine glaciers carved the peaks of 
the Olympic and Cascade Ranges (Porter et ai., 1983).
Previous Work
Bremerton area
Most of the previous work in the Bremerton area concentrated on the Quaternary geology 
of the region. In the earliest geologic report to include the hills near Bremerton, Willis 
(1898) described glacial deposits of the Puget Sound. Weaver (1937) correlated volcanics 
of the Bremerton rocks with the Eocene Metchosin Volcanics of Vancouver Island, British 
Columbia (Figure 1.1), studied by Clapp in 1912. Sceva (1957) briefly described the 
Bremerton volcanics as a sequence of amygdaloidai basait flows of Eocene age in his report on 
the geology and groundwater resources of Kitsap County. Garling and Molenaar (1965) also 
concentrated on groundwater resources of the region, but recognized diorite and basalt 
porphyry dikes and sills as well as amygdaloidai basalts. Deeter (1978), in an M.S. thesis 
for Western Washington University, briefly described a medium-grained pyroxene gabbro 
which intruded the amygdaloidai basalt: these rocks were subsequently intruded by 
coarse-grained hornblende diorite.
The most comprehensive report on the bedrock of the Bremerton exposures to date is an 
M.S. thesis for the Colorado School of Mines by Reeve (1979) which emphasizes petrology.
He described extensive sheeted dikes of diabase and basalt locally intruding clinopyroxene
gabbro. Outcrops of tonalite and hornblende andesite and a sequence of amygdaloidai basalt
flows are also present (Reeve, 1979).
A recent paleomagnetic study of these rocks and exposures near Port Townsend to the north 
(Figure 1.1) by Beck and Engebretson (1982) found the rocks neariy unrotated, an anomaly 
in a region of general clockwise rotation.
Four sampies from the Bremerton basalts gave whole rock K-Ar ages of 43 to 49 Ma
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(Duncan, 1982), although these ages may be too young due to argon loss. One sample, 
reanalyzed by 40Ar/39Ar methods gave an age of 55.4 m.y.B.P. plus or minus 3.2 m.y. 
(Duncan, 1982).
Port Townsend area
Previous work on the volcanics near Port Townsend (Figure 1.1) is sparse. The western 
exposures of these basalts were mapped by Tabor and Cady (1978) as part of the Crescent 
Formation basalts of the Olympic Peninsula. Beck and Engebretson (1982) reported a 
possible small counterclockwise rotation in the Port Townsend rocks.
The Crescent Formation on the Olympic Peninsula
Previous work on the basalts of the Crescent Formation is extensive. First recognized by 
Weaver (1937), the basalts form an arcuate outcrop pattern on the south, east, and north 
sides of the Olympic Peninsula (Figure 1.1), according to definitive mapping by Tabor and 
Cady (1978). Cady (1975) discussed the tectonic evolution of the Olympic Peninsula and 
reported mostly Hawaiian or abyssal tholeiite chemistry for the Crescent basalts. Glassley 
(1973; 1974; 1976) distinguished two basaltic members of the Crescent Formation on the 
basis of geochemistry and mapping, a lower submarine member (Figures 1.1 and 2.1) with 
chemistry similar to that of ridge tholeiites and an upper, mostly subaerial, member with the 
composition of intraplate tholeiites. Lyttle and Clarke (1975; Glassley et al., 1976) 
suggested the Crescent Formation basalts have chemistry similar to that of arc tholeiites. 
Many others have worked in the Crescent Formation; some of their work is described in the 
following section.
4
STRATIGRAPHY
Introduction
The western exposures of the basalts that crop out near Port Townsend (Figure 2.1) have 
been mapped as part of the upper Crescent Formation by Tabor and Cady (1978); the bedrock 
near Bremerton has been largely ignored, at least in published reports (Beck and 
Engebretson, 1982). A large fault may exist between these peripherai basalts and the main 
mass of Crescent basalt (Figure 2.1). This fault, referred to as the Hood Canal fault, was 
inferred by geophysical means by Danes et al. (1965). The amount of offset along this fault 
is unknown. It could be a suture between two similar but distinct formations, or an 
intraformational fault (see Structure section). Stratigraphic sections were developed in 
these rocks on each side of the Hood Canal fault to test the possible correlation of the Port 
Townsend and Bremerton basalts with those of the Crescent Formation. The results of a 
simple statistical comparison of stratigraphic sections of the upper Crescent and Port 
Townsend basalts suggest that these basalts are correlative. This supports the notion that the 
Hood Canal fault is intraformational. However, the subaerial basalts near Bremerton have 
significantly different stratigraphic characteristics (see below) than those of the Crescent or 
Port Townsend rocks. The results of this comparison are given in Table 2.1.
A generalized stratigraphy was also developed (Figure 2.2) for the plutonic rocks 
underlying the Bremerton flows. Present mapping shows no equivalent plutonics in the rest 
of the Olympic Peninsula (Tabor and Cady, 1978), although similar rocks have been 
recognized in the Metchosin Igneous Complex of southern Vancouver Island (Massey, 1986), 
and Glassley (1973) reported a small gabbroic plug in the lower Crescent Formation.
The following stratigraphy discussion is divided into four sections. The first is a 
description of the stratigraphies measured in the volcanic rocks of the Crescent Formation on 
the Olympic Peninsula and near Port Townsend and Bremerton. The second is a comparison of 
these stratigraphies. The third is a discussion of the entire Bremerton stratigraphy. The 
last is a look at the regional and geological implications of this work.
Volcanic Stratigraphy
Stratigraphic sections were constructed for the lower Crescent basalts along Hurricane 
Ridge Road, Hurricane Ridge crest, and near Marmot Pass; the stratigraphy for the upper
5
upper Crescent basalt
lower Crescent basalt
continent-derived fan; 
the Blue Mountain unit 
(Tabor and Cady, 1 975)
Hood Canal Fault
Port Townsend basalt
Bremerton rocks
Black Hills basalt
FIGURE 2.1 Simplified geologic map of the Coast Range Basalts in western Washington.
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LOWER CRESCENT FORMATION UPPER CRESCENT FORMATION(?)
HRC HRR MP MW PT B
total
thickness 1040 2192 417 1668 254 272
(m)
% covered 6 49 6 27 19 28
% sediments 17 18 24 - - -
% turbidites - 6 - - - -
% olistostromes 7 4 - - - -
% sills 1 - - - - -
% pillows 36 11 17 - - -
% pillow 3 3 53 - 9 -
breccia
% basaltic 25 8 - - - -
breccia
% massive 5 1 - - - 14
% columnar - - - 41 34 60
% randomly - - - 32 37 - '
tractured
average How
thickness 40 32 49 34 29 9
(m)
largest .2 1 1 3.5 4 7
vesicles (cm)
HRC = Hurricane Ridge Crest 
HRR = Hurricane Ridge Road 
MP = Marmot Pass 
MW = Mount Walker 
PT = Port Townsend 
B = Bremerton
TABLE 2.1 is a simple statistical comparison of various flow characteristics
recognized in the stratigraphic sections measured. The most significant 
differences to be noted here are: 1) The Bremerton flows average only 
1/4th to 1/5th as thick as those of the other sections measured, and 
2) vesicles in the Bremerton flows average twice as large in diameter as
do those in the upper Crescent and Port Townsend flows and are many
times larger than those in the lower Crescent flows.
7
nr11
-= j [^
1
E
*
^ 0 yT.T, rriClrrl'm
^ - A aIa a
2!
Generalized stratigraphy of the Bremerton rocks
Younger andesite and dacite dikes that cut the older 
lithologies - these dikes are probably of Cascade 
arc origin (about 43 Ma?).
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Subaerial basalt flows with a few thin basaltic 
siltstone interbeds - the basalt flows have poorly 
developed col urn ns, are extremel y amygdaloidal, 
have red rubbly flow tops, and average 9 m thickness.
Submarine unit - consists of massive(?) basalt 
flows interbedded with basaltic sandstone, siltstone, 
and conglomerate, tuffs, and basaltic breccia; very 
poorly exposed. Felsic flows or sills of quartz latite 
occur low in the section.
Dike complex - region of 100% dikes of diabase 
and basalt; some are porphyritic w/plagioclase 
phenocrysts; amygdaloidal higher i n the section.
Leucogabbro and Pegmatoid - locally intruded by 
felsic Plutonic rocks including quartz monzonite, 
quartz diorite, and tonalite.
FIGURE 2.2
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Crescent basalts was developed from exposures west of Mt. Walker; and stratigraphic 
sections were developed for exposures near Port Townsend and Bremerton (see location maps 
in Appendix 1).
In all, 5840 m (3.63 miles) of stratigraphic section was sketched and described (see 
Appendices 2 through 7). Thicknesses were acquired by pace and compass methods and are 
probably accurate to within 10%, with the exception of Hurricane Ridge Road units where 
structural complexities generally made thickness determinations less accurate.
The lower Crescent Formation
The Crescent Formation forms an arcuate pattern of rocks on the southern, eastern, and 
northern sides of the Olympic Peninsula (Figure 2.1; Tabor and Cady, 1978). The lowest 
member of the Crescent Formation is a continentally-derived submarine fan called the Blue 
Mountain unit (Tabor and Cady, 1978) which is probably conformable beneath, and 
interbedded with, the Crescent Formation basalts (Cady, 1975; Einarsen, 1987). These 
basalts consist of a lower submarine sequence and an upper subaerial member (Glassley, 
1973; Tabor and Cady, 1978). Stratigraphic sections were measured in the lower Crescent 
Formation along Hurricane Ridge Road, Hurricane Ridge crest, and near Marmot Pass on the 
Olympic Peninsula (see location maps in Appendix 1 and Figure 2.1). These stratigraphic 
sections are shown in Appendices 2 through 4; their stratigraphic characteristics are 
summarized in Table 2.1, which presents the average thickness of flows, average vesicle 
size, and other flow characteristics recognized in the measured sections. The submarine 
ftows of the Crescent Formation and the subaerial volcanics of all three areas may be easily 
contrasted. On the basis of this table the three measured sections in the lower Crescent 
Formation appear to be correlative.
The lower Crescent Formation consists of submarine basalts that are commonly pillowed 
or brecciated, and that are interbedded with submarine sedimentary rocks, which include 
turbidites, basaltic sandstones and breccias, thin limestone beds, and olistostromes. The 
basalts are mostly vesicular with vesicles generally less than 1 cm in diameter. Their 
textures range from very fine-grained to diabasic. Fresh surfaces are commonly black with 
a green or blue tint; the basalt weathers to many shades of gray and brown. Pillows range in 
size from about 10 cm to 2 m and comprise 11 to 36% of the stratigraphic columns. Many 
pillows weather to blue cores with distinctive red rims. Pillow breccia makes up 3 to 53% 
of the columns; a few massive flows are present as well. Average flow thicknesses range
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from about 32 to 49 m. Much of the lower Crescent Formation is extensively folded and 
sheared, and veins are abundant.
The upper Crescent Formation
Exposures of the upper Crescent Formation, studied along a logging road west of Mt. 
Walker (see location map in Appendix 1), consist entirely of subaerial columnar or 
randomly fractured basalt. The stratigraphic section is shown in Appendix 5; its 
stratigraphic characteristics are summarized in Table 2.1. No sedimentary interbeds were 
recognized in this section. Columns are poorly developed and range in size from about 15 cm 
to several meters; the columns occur as irregularly shaped blocks between fairly uniform 
joints that parallel flow surfaces. These horizontal joints generally occur closer together 
toward the tops of flows and become more irregular, grading into a hackly entablature with a 
red rubbly flowtop. Vesicles are extremely abundant, commonly filled, and reach 4 cm in 
diameter. Amygdales often occur in very dense zones that commonly parallel flow surfaces, 
and they increase in size and abundance toward flowtops.
The flows are commonly blue-black or purple-black and weather to light gray with an 
orange, pink, or brown tint. The flows are only slightly deformed in the Mt. Walker region; 
some small faults with offsets of up to several meters were recognized. Stratigraphic 
continuity is well preserved with only gradual changes in strike and dip. The average flow 
thickness in this section is 34 m.
The Port Townsend basalts
Basalts were studied along Highway 20 near Port Townsend (see location map in Appendix
1). This stratigraphic section is shown in Appendix 6; its stratigraphic characteristics are 
summarized in Table 2.1. Only eight stratigraphic members are exposed along this transect. 
Most were probably erupted subaerially. These rocks show more variability than those of 
the upper Crescent basalts but nevertheless are correlated to them on the basis of overall 
stratigraphic similarity (Table 2.1). The basalts are randomly fractured or have poorly 
developed columns; a pillow breccia topped by several hundred meters of basaltic cobble 
conglomerate was also recognized. Amygdales are commonly 1 cm or less in diameter but 
reach 4 cm in some flows. The rock is black on a fresh surface with green or purple shades 
weathering to various shades of light gray. The rocks are relatively undeformed in this 
region. Average flow thickness is 29 m.
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The Bremerton volcanics
A sequence of submarine rocks was recognized in the hills near Bremerton (Figure 2.1; 
Plate 1); this sequence is described in more detail below. It was hoped that a stratigraphic 
section could be measured for this member to compare to the lower, submarine Crescent 
Formation. Unfortunately exposures of these rocks are too poor to permit development of a 
stratigraphy for statistical comparison.
A stratigraphic section in the Bremerton subaerial basalts was measured along Union 
River in the southern part of the study area (see location map in Appendix 1 and Plate 1).
This stratigraphic section is shown in Appendix 7; stratigraphic characteristics are 
summarized in Table 2.1. These flows are mostly columnar, although perhaps a quarter of 
the flows are massive. Columns are very poorly developed and range in length from about .6 
m to 1.5 m. Amygdales are common, forming horizontal bands within flows and generally 
increasing in abundance and size upward. Columns grade sharply into hackly entablatures 
with red rubbly flowtops from 1 to 4.5 m thick. Vesicles are usually filled and are 
commonly up to 7 cm in diameter; some vesicles have diameters greater than 10 cm. A few 
thin basaltic siltstone interbeds were noted. Microscopic study of samples from three of 
these beds proved them to be barren of fossils. The basalts are generally fine-grained, black 
or green-black on a fresh surface, and weather to red or blue shades of dark gray. The rocks 
are generally only mildly deformed, showing gentle changes in strike and dip and minor 
faulting. Average basalt flow thickness is only 9 m.
Comparison of the Volcanic Stratigraphies 
On the basis of the statistical comparison of stratigraphic characteristics listed in Table 
2.1 and on general appearance in the field the following observations can be made:
1) The submarine rocks in the Hurricane Ridge area and near Marmot Pass appear to be
correlative, as published maps indicated (Tabor and Cady, 1978). Although rigorous 
comparison of the submarine rocks near Bremerton to rocks of the lower Crescent Formation 
is not possible without a measured section for the Bremerton rocks, it should be noted that 
outcrops of each area look quite different. The Bremerton submarine rocks weather to 
greenish hues (see below) and are much more thinly bedded than are the thicker, more 
variably colored lower Crescent rocks. Also, the apparent lack of pillows in the Bremerton
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volcanics is not characteristic of the Crescent rocks studied.
2) Rocks at Port Townsend are quite similar to those of the upper Crescent basalt studied
near Mt. Walker and are probably correlative, as maps by Tabor and Cady (1978) indicated.
3) the Bremerton subaerial volcanics have flow characteristics that are quite different
from those seen in the subaerial rocks of the upper Crescent Formation. The Bremerton 
basalts differ in the following ways: a) massive flows are present at Bremerton but absent in 
the upper Crescent Formation and Port Townsend rocks; b) the average flow thickness at 
Bremerton is only about one third that of the upper Crescent and Port Townsend flows; and c) 
vesicles are commonly twice as large in the Bremerton flows as in the upper Crescent and 
Port Townsend flows. These last two differences are felt to be the most significant and their 
implications are discussed below (in Regional and Geological Implications).
4) The stratigraphic differences between the Bremerton subaerial basalts and rocks of the
upper Crescent Formation and Port Townsend area are felt to be the result of proximity to the 
eruptive source and are not a reliable test of correlation. However these rocks are 
considered correlative, as suggested by similar geochemistry (see Geochemistry section).
Bremerton Stratigraphy
Outcrops of the Bremerton rocks are few and poorly exposed, so the stratigraphy 
developed for this region, shown in Figure 2.2, is a composite.
The rock column of the Bremerton area is somewhat like that of an ophiolite lacking a 
basal ultramafic complex in the definition given by the GSA Penrose Conference (Anonymous,
1972). It consists of a gabbroic portion at the base intruded by, and grading into, a region of 
100% dikes topped by volcanics fed by the dikes. The dikes and basalts suggest the formation 
of an island on some kind of spreading center.
The lowest rocks exposed in the study area are mostly massive leucogabbro and a coarser 
equivalent informally called pegmatoid (Figure 2.2; unit Tg on Plate 1). This pegmatoid may 
be the crystallized product of a late fluid-rich phase in the gabbro. These rocks are medium 
blue-gray on a fresh surface weathering to light gray or orange gray. Scattered bodies of 
more felsic plutonics are associated with the gabbroic rocks. These felsites, having the 
mineralogy of quartz monzonite, quartz diorite, and tonalite, are well exposed in a quarry in 
the SW1/4 of section 3, T24N, R1W (Plate 1, unit Tfp). The felsites intrude basalts that 
appear to cut the gabbro. The felsites could be either differentiation products of the gabbro, 
as indicated by their chemical composition (see Geochemistry section), or a later intrusive
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pulse. The total exposed thickness of the gabbro and associated plutonic rocks is at least 60 
m.
Higher in the section the gabbro and pegmatoid are intruded by dikes of diabase and basalt 
(Figure 2.2; unit Tdg on Plate 1) where the coarser rock appears as screens between dikes. 
These mafic dikes have chilled contacts against the gabbroic rocks. Exposures showing this 
relationship are abundant; probably the best such exposure is found on top of the hill in the 
western half of section 15, R1W, T24N (Plate 1). The mafic dikes range in thickness from a 
few centimeters to 10 meters but most commonly are only about a meter wide. Gabbroic rock 
is absent up-section, where diabase and basalt dikes make up 100% of many exposures (unit 
Tbd on Plate 1). The dikes are nonvesicular in hand sample low in the section but become 
amygdaloidal where they intrude the overlying submarine basalts and sediments; vesicles are 
smaller than 0.5 cm. The dikes are generally dark blue-black on a fresh surface and weather 
to bluish gray or greenish gray; textures range from very fine-grained to diabasic and even 
microgabbroic. The dikes range from subparallel on an entire outcrop to quite variable 
orientations and all gradations in between. Dike margins are chilled on either or both sides.
On a few outcrops all dikes have the same polarity of chill, but this is not regionally 
consistent. The dikes intrude the overlying submarine and subaerial basalts and at two 
outcrops dikes were feeders to flows. The thickness of the zone of 100% dikes is about 150 
m and is the best constrained thickness in this generalized stratigraphy. Exposures of 100% 
dikes may be seen on the south slope of Green Mountain near the middle of section 21 (Plate 
1).
The dikes intrude upward into a sequence of submarine basalt flows interbedded with tuffs, 
tuff breccias, basaltic breccias, graded lithic and tuffaceous sandstones, basaltic siltstones, 
and conglomerates (Figure 2.2; unit Ts on Plate 1). No pillows were recognized in the 
submarine basalts, perhaps due to the poor exposure of this member. Vesicles are generally 
less than 0.5 cm in diameter and are usually filled with light minerals. The sedimentary 
interbeds are generally less than a meter thick but include thicknesses of at least 10 m.
Felsic rocks crop out in the northern portion of the study area; these are probably the 
volcanic equivalents of the more felsic intrusive rocks described above. It is possible that 
these felsic volcanics are sills within the submarine sequence since the felsic plutonics may 
intrude the gabbro. It is also possible that they are conformable interbeds; field exposures do 
not resolve this question however. However, if they are conformable then their position low 
in the extrusive section shows that felsic igneous activity occurred early in the formation of
13
these rocks. These rocks are abundantly amygdaloidal and are generally more weathered than 
are the surrounding more mafic rocks; the weathered surface is pinkish orange or brown.
Good exposures of this rock can be seen capping hill 1291 in section 9, T24N, R1W (unit Tfv 
on Plate 1).
The rest of the submarine member weathers to a distinctive greenish or aquamarine hue. 
Good exposures of this member occur along Gold Creek Road in section 29. The thickness of 
this member is about 180 m, but true thickness may be obscured by faulting (Plate 1;
Figure 2.2).
Probably conformable above the submarine basalts and volcaniclastics is the subaerial 
basalt sequence described earlier (Figure 2.2; unit Tb on Plate 1). Its exposed thickness is 
at least 180 m. Cross sections on Plate 1 indicate a total thickness of about 1200 m, but it is 
quite possible that unrecognized faults obscure the true thickness. Most outcrops in the study 
area are very small, and distinguishing submarine from subaerial basalts is difficult. On 
outcrops where submarine basalt is interbedded with sedimentary rocks most vesicles in the 
basalt are a centimeter or less in diameter. So small basalt outcrops were mapped as 
subaerial basalt if most vesicles were larger than 1 cm, and as submarine basalt if vesicles 
were generally smaller than 1 cm.
Porphyritic andesitic and dacitic dikes (unit Tad on Plate 1) cross cut most of these 
lithologies, including the leucogabbro, the submarine basalts and volcaniclastics, and the 
subaerial basalt flows (units Tg, Ts, and Tb on Plate 1). These dikes may have formed as 
part of the western extension of Cascade arc volcanism, as suggested by Wells and Coe 
(1985) for similar andesitic dikes mapped by Tabor and Cady (1978) near Port Townsend to 
the north.
Regional and Geological Implications
Regional Correlations and the Bremerton Rocks as an Eruptive Source
Judging by field appearance and statistical comparison of stratigraphies (Table 2.1), the 
Port Townsend basalts (Figure 2.1) are correlative to the upper Crescent Formation. The 
chemistry of these rocks and of the Bremerton basalts is consistent with the idea that the 
Bremerton flows also correlate to the upper Crescent rocks (see Geochemistry section). 
Because the Bremerton flows were fed by the intrusives below, these intrusives could have 
been part of the eruptive source for the upper Crescent Formation. These possible
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cxjrrelations are shown in Figure 2.3.
Two stratigraphic features of the Bremerton basalts appear to argue against their 
correlation with the Port Townsend and Crescent Formation subaerial basalts. These are: 1) 
the thinner average flow thickness, and 2) greater vesicle size of these basalts. Bremerton 
flows are only one third or one fourth as thick as those of the upper Crescent Formation; 
their vesicles are at least twice as large. These data are plotted in Figure 2.4. However, 
these differences may also support the correlation in light of their position directly above 
their magmatic source, by the following reasoning.
Thinner average flow thicknesses in the Bremerton basalts may signify nothing more than 
local variation or the result of sampling higher or lower in the volcanic pile. However, it is 
also possible that the flows are thinner near Bremerton due to eruption near an elevated 
source (a volcanic peak or island); the flows may have thickened as they flowed down the 
relatively steep slopes of the volcano onto gentler slopes to the west, forming the bulk of the 
Crescent basalts.
Vesicle size is controlled by volatile content and confining pressure of the eruption 
environment. Because these flows were all erupted subaerially or in very shallow water the 
confining pressure is the same for all regions involved (i.e., 1 atm). Since vesicles are 
twice as large in the Bremerton volcanics as in the upper Crescent and Port Townsend rocks, 
the gas content must have varied from locale to locale. It is possible that vesicles are larger 
in the Bremerton flows due to a higher volatile content near the vent which dissipated from 
more distal flows.
Variations in flow thickness and vesicle size are not conclusive evidence that the 
Bremerton piutonics were part of the eruptive source of the Crescent Formation rocks, but 
they appear to be consistent with this idea.
The Bremerton Rocks compared with Qphiolites
The stratigraphy of the Bremerton rocks (Figure 2.2) is grossly similar to that of an 
ophiolite due to the presence of a dike complex and mafic lithologies. But it differs from most 
ophiolites in at least four ways.
First, the Bremerton sequence lacks the basal ultramafics of a complete ophiolite as 
defined by the Penrose Conference (Anonymous, 1972), although it may be present but not 
exposed.
A second and more important difference between the Bremerton column and that of a
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GENERALIZED PORT TOWNSEND
CRESCENT FORMATION SUBAERIAL
STRATIGRAPHY BASALTS
BREMERTON
ROCKS
Possible correlations of the study rocks; the subaerial basalts near Port Townsend appear to be 
correlative to the upper Crescent basalts based on stratigraphy; despite stratigraphic differences 
Bremerton basalts (both submarine and subaerial) are probably correlative to these rocks as well.
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typical ophiolite is the vertical thickness of the dike complex. The Bremerton dike complex 
has the best constrained thickness in the Bremerton sequence, about 150 m (Figure 2.2). In 
the sketch of the mean oceanic crust by Christensen and Salisbury (1975) the thickness of 
the sheeted dikes is at least 1 km, approximately seven times as thick as the dikes seen near 
Bremerton.
A third difference is the nature of the dikes themselves. Typically, dikes in ophiolites are 
sheeted. Dikes in the Bremerton rocks are sheeted on a few outcrops but are mostly more 
random (see above).
A fourth difference is the subaerial basalt sequence topping the Bremerton rocks.
Subaerial basalts are not characteristic of ophiolites, which are commonly capped by deep 
marine sediments, according to the Penrose Conference definition (Anonymous, 1972).
To summarize, although it shares some of the characteristics of ophiolites, the Bremerton 
stratigraphic section differs in many important ways.
The Eruptive Environment of the Bremerton Rocks
The lithologies present in the Bremerton rocks help define the environment in which they 
were erupted. The zone of 100% dikes suggests extension of at least several kitometers (see 
Plate 1), so the rocks were emplaced during a rifting event. The vertical change from 
submarine to subaerial volcanics shows that the rifting began in a shallow marine 
environment: continued volcanism then built an island on the preceding flows. The presence 
of felsic flows that appear to be conformable interbeds tow in the submarine section (see 
above) suggests a relatively sialic crust may have been the site of rifting.
If the Bremerton basalts are correlative with basalts of the Crescent Formation, which 
appear conformable on continentally-derived fan deposits (Cady, 1975; Einarsen, 1987), 
then these basalts were erupted near a continental margin. To summarize, the stratigraphy 
of the Bremerton rocks appears to support the notion that these rocks were generated by 
rifting and formation of an island near a continental margin.
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AGE-DATE SECTION
In a paper on the origin of the Coast Range basalts Duncan (1982) analyzed 3 flows
from the Bremerton basalts. K-Ar age determinations indicate ages ranging from about 43 
Ma to 49 Ma (Duncan, 1982); his data is presented in Table 3.1. However, Duncan believed 
these ages were too young due to possible argon loss. He analyzed 2 of the samples by 
40Ar/39Ar Total Fusion, which gave ages of about 52 Ma and 55 Ma (Duncan, 1982; see 
Table 3.1).
An age-date on the leucogabbro in the northern region of the Bremerton rocks was 
determined by Duncan using 40Ar/39Ar Total Fusion; his methods are described in his 1982 
paper. Funding for this age-date was provided by the Washington State Division of Geology 
and Earth Resources. Results of two 40Ar/39Ar experiments on the leucogabbro are 
indistinguishable within analytical uncertainty, and the best age estimate is a mean age of 
49.8 Ma plus or minus 0.8 Ma. The data are presented in Table 3.1.
Judging by the ages determined for the flows (Duncan, 1982) and the gabbro, the 
Bremerton rocks were erupted during an interval of time of at least 5 million years in the 
early Eocene.
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THREE BREMERTON FLOWS ANALYZED BY K-Ar METHODS
SAMPLE PERCENTK RADIOGENIC 40Ar PERCENT AGE IN M.Y.
X 10"®cm3/g RADIOGENIC + 1 o“
Ar
D80-CV-24 0.2348 0.4002 49.0 43.3 ± 0.5*
0.4338 46.3 46.9 ± 0.6*
D80-CV-25 0.2193 0.4243 55.9 49.2 + 0.6*
D80-CV-26 0.2288 0.4062 64.6 45.2 + 0.5*
LOCATION: NE 1/4 NW 1/4, sec. 33, T24N, R1E, Bremerton W 7 1/2' Quad. 
‘Argon loss suspected: all data from Duncan, 1982
TWO BREMERTON FLOWS REANALYZED BY 40Ar/39Ar METHODS
SAMPLE 40Ar/39Ar PERCENT
RADIOGENIC
40Ar
AGE IN M.Y. 
±1cr-
D80-CV-24 385.48 8.7
D80-CV-26 319.07 7.4
51.7 ± 2.4 
55.3 + 3.1
Data from Duncan, 1982
AGE-DATE ON LEUCOGABBRO SAMPLE 30, THIS STUDY; AGE DETERMINED BY 
DUNCAN USING 40Ar/39Ar TOTAL FUSION METHODS
Rad. 40Ar/39Ar PERCENT
RADIOGENIC
^OAr
AGE IN M.Y.
+1 o—
Experiment 1 8.873
(J=0.003193)
50.6 50.4 ± 0.6
Experiment 2 9.113
(J=0.003034)
45.4 49.2 ± 0.8
Isochron (5 gas increments) 50.3 ± 1.5
40/36 intercept 291 ± 7
TABLE 3.1 Age-dates on the Bremerton subaerial basalts and on the Bremerton
leucogabbro.
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Introduction
yThe hills west of Bremerton are probably the surface expression of a horst (Danes et al., 
1965; Figure 4.1). This "Kitsap horst" is bounded on the north by the Seattle-Bremerton 
Faults, an east-west pair of faults with perhaps as much as 11 km total downward offset to 
the north (Danes et al., 1965; Figure 4.1). Its southern boundary is the east-west 
Tacoma-Gig Harbor Fault (Rogers, 1970). The horst is bounded on the west by the Hood 
Canal Fault and on the east by a possible right slip fault (Danes et al., 1965; Figure 4.1).
The Bremerton rocks are separated into two physiographic regions by an 
east-west-trending fault called the Gold Creek Fault in this report (Plate 1; Figure 4.1).
The Gold Creek Fault shows vertical offset with the south side apparently down.
The northern region of the Bremerton area consists of a half dozen fault-bounded hills 
composed of gabbro and other plutonic rocks capped by submarine volcanic and volcaniciastic 
rocks. The southern region consists almost entirely of subaerial basalt flows intruded by 
mafic dikes. These flows dip gently to the southwest, south, and southeast throughout the 
region (Plate 1).
The structures in the Bremerton rocks were analyzed by the method of Anderson (1951). 
Anderson pointed out that the three main types of faults - normal faults, thrust faults, and 
strike-slip faults - occur in response to varying orientation of the three principal stresses 
in relation to the earth's surface. This is represented by the block diagram of Figure 4.2, 
after Hobbs et al. (1976). As an example, if rock is cut by normal faults striking north, 
then maximum compressive stress was vertical and minimum compressive stress (i.e., 
extension) was oriented east-west at the time of faulting. This is the manner in which the 
directions of compression and extension were determined for folds and faults in the 
Bremerton rocks.
Faults in the Bremerton rocks are referred to here as major or minor faults. Major 
faults are those that appear on Plate 1 and are defined by relatively straight valleys that 
bound hills or that have been mapped by stratigraphic offset (Plate 1; Figure 4.3). Minor 
faults are those seen only on individual outcrops: offset on these faults is too small to be 
illustrated on Plate 1.
Structures mapped in the Bremerton rocks suggest that as many as 4 deformations have
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outline of the "Kitsap horst"
" bounding faults of the "Kitsap horst" - mapped by geophysical methods 
by Danes et al. (1965) and by Rogers (1970)
1. Seattle-Bremerton Faults
2. Tacoma-Gig Harbor Fault
3. Hood Canal Fault
4. possible right-slip fault
Bremerton rocks
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FIGURE 4.1
re p reee nts t he maxi m u m co m p ressi ve $t ress;
?2 represents the intermediate compressive stress;
Pj represents the minimum compressive stress.
With P^ vertical normal faults form; strike-slip faults form 
when P2is vertical; and thrust faults form when P^is vertical.
Small block diagrams are included in many of the following figures to show the 
relationship of faults to stress orientation. On each of the diagrams an oval 
represents a horizontal surface. In this example^ the block is undergoing 
extension in an east-west direction, as indicated by normal faults striking 
north-south; the heavy arrows show this extension.
FIGURE 4.2
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affected the area. First, the region may have undergone NW-SE extension. This deformation 
may have been joined later by NE-SW compression. In the third event, the rocks appear to 
have undergone NW-SE compression. The last deformation may have been NE-SW-directed 
extension. The 4 deformations are represented graphically in Figure 4.4.
The structure discussion is in 4 parts, each describing the evidence and timing for one of 
the 4 deformations.
1.WNW-ESE Extension
The Bremerton rocks record the first deformation to affect this region, as indicated by 
the orientation of the mafic dikes. Strikes and dips of 91 mafic dikes that fed the volcanics in 
the Bremerton area (see Stratigraphy section) are plotted as poles to planes on the stereonet 
of Figure 4.5. Most of the dikes dip more steeply than about 40 degrees, the dikes also tend 
to strike roughly N-S or NE-SW, although there is considerable variation.
That the majority of the dikes strike N to NE is perhaps more apparent on the rose 
diagram at the bottom of Figure 4.5. The rose diagram was constructed by tallying the 
number of poles to dike planes per 10 degrees of arc, neglecting the dips of the dikes. The 
cluster of poles to dike planes in the west and east fields of the diagram shows that most of the 
dikes were injected in a N-S to NE-SW direction. This implies that extension to the 
WNW-ESE, represented by the arrows on Figure 4.5, was operative during the formation of 
the Bremerton bedrock and was the first deformation to affect this area.
2. NW-SE Extension coupled with NE-SW Compression
The major faults in the Bremerton rocks are another set of structures produced at least in 
part by WNW-ESE-directed extension. However, their formation required a component of 
NE-SW-directed compression as well. It seems more likely that they formed during the 
latter part of the same extensional event that produced the mafic dikes than in some second 
and later WNW-directed extension. However, the only recognized constraint on the timing of 
faulting is that one of the major faults is apparently intruded by the arc-related dikes. This 
would suggest faulting occurred before approximately 43 Ma (see Stratigraphy section). The 
relationship of the dikes and the major fault are discussed in the fourth section of this 
discussion.
The major faults (Plate 1; Figure 4.3) strike between about NICE and N85E (see 
stereonet plot of Figure 4.6). These fauits divide the northern portion of the study area into
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(All vectors found graphically 
from the stereonet plots)
The first deformation was WNW-ESE 
extension, as determined from the 
stereonet plots (Figure 4.5) of the 
mafic dikes.
The second deformation may have been 
the addition of NE-SW compression, 
producing the major oblique-slip faults 
(Figure 4.6), one set of minor 
strike-slip faults (Figure 4.7), and 
two folds (Figure 4.8).
The third deformation appears to have 
been NW-SE compression, producing a 
second set of minor strike-slip faults 
(Figure 4.9) and a group of minor 
oblique-slip faults (Figure 4.10).
There could have been a fourth 
deformation, in which normal faults 
were produced by NE-directed extension 
(Figure 4.11); one of these faults 
appears to be a reactivated 
strike-slip fault from the third 
deformation. The latest intrusives in 
the area (the arc-related dikes) were 
also emplaced during a time of 
extension to the NE (Figure 4.12).
26
N
4.
FIGURE 4.5 Equal area lower hemisphere stereoplot of poles to mafic dikes and rose 
diagram of poles to strikes of maficdikes; both suggest WNW-ESE extension (see block 
diagram). 27
FIGURE 4.6 Equal area lower hemisphere stereoplot of poles to major fault planes. The 
ovals represent qualitative uncertainties on poies to major faults as estimated from Plate 1 
and by assuming normal motion where vertical offset is seen in map patterns. Solid arrows 
represent the direction of extension; some compression probably occurred normal to this 
direction, shown by the dashed arrows. = obiique-slip faults; j = normal faults;
NE-direefed compression 
(the dashed arrows) 
coupled with NW extension 
(the solid arrows) 
produced the oblique-slip 
motion seen on many of 
the major faults.
several small hills (Plate 1). The faults are mostly covered by alluvium, but a few 
exposures were found in stream beds. Determinations of fault offset were also made on 
nearby smaller and probable sympathetic faults that are believed to represent the motions of 
the major faults. Major faults are more easily recognized by stratigraphic offset between 
adjacent hills. Faulting south of the Gold Creek Fault is probably more extensive than mapped 
but is difficult to recognize due to the lack of marker horizons in the monotonous sequence of 
basalt flows.
Fault striations range from horizontal to vertical even on the same fault surface, 
indicating the possibility of several episodes of movement. The freshest striations on the 
more northeast-striking faults suggest oblique-slip was the latest motion. Judging by map 
patterns (Plate 1) vertical offset is the latest motion on the more east-striking faults.
Relative offset on the major faults is shown in map view in Figure 4.3a and in a 
qualitative sketch in Figure 4.3b. These seven faults were informally named for nearby 
geographical features. Small exposures on four of the faults were found and structural data 
for these faults are shown on Figure 4.3a. Their dashed portions (Plate 1 and Figure 4.3a) 
are projections along the straight valleys they occupy. Approximate strikes and dips for the 
remaining three major faults were obtained by estimating their strikes from Plate 1 and by 
assuming normal (not reverse) motion where vertical offset is recognized in map patterns.
This assumption was made because these three faults plot closely with the other major faults 
for which structural data indicate a component of normal offset. The ovals shown on the 
stereoplot of Figure 4.6 represent qualitative uncertainties on strikes and dips.
Two nearly parallel-striking fault surfaces were measured on the Union River Fault 
(URF) (Figure 4.3a). Slickensides on one of these fault surfaces indicate strike-slip 
motion: slickensides on the other indicate normal offset. Therefore the net motion on the URF 
is oblique-slip.
The Green Mountain Fault (GMF) and the Lost Creek Tributary Fault (LCTF) are plotted as 
oblique-slip faults also on the basis of slickensides. It is likely that the Lost Creek Fault 
(LCF) is also an oblique-slip fault, as it is subparallel to the LCTF.
In general, motion on major faults for which structural data was obtained appears to have 
been oblique-slip. The remaining major faults have vertical offset on Plate 1 and because 
they plot closely with faults of known normal offset (Figure 4.6) it seems likely that their 
offset was also by normal motion. Normal faulting is characteristic of extension in a 
horizontal direction perpendicular to the strike of the fault plane (see Figure 4.2);
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oblique-slip motion may be produced by extension normal to the fault strike and compression 
roughly parallel to the fault strike. The major faults strike from N10E to N85E; this 
indicates they formed by extension to the NW. This extension may have been accompanied by 
roughly NE-directed compression which produced the horizontal component of oblique-slip 
motion.
It is suggested that following the formation of the mafic dikes by NW-directed extension, 
continued but lessened extension (because mafic dike formation ceased) was joined by 
compression to the NE, producing the major faults in the Bremerton rocks. These stresses 
are shown by the small block diagram of Figure 4.6.
Many minor faults were also recognized in the Bremerton rocks. The fault planes of four 
strike-slip faults strike N to NE. These faults are plotted in the stereoplot of Figure 4.7; the 
accompanying block diagram, oriented with NE-striking strike-slip faults, suggests 
formation during NE-directed compression. It is possible that these faults also formed 
during the NE compression responsible for the major faults.
Two folds were recognized in the Bremerton rocks. Although there are no controls on the 
timing of the foids, their orientation suggests formation by NE-directed compression. The 
simplest explanation is that they formed during the same deformation responsible for the 
major faults and some of the minor strike-slip faults.
One fold is a gentle anticline trending N40W and plunging 20 degrees to the northwest 
(Plate 1: south half of section 23, T24N, R1W). This fold is in submarine basalt and 
basaltic breccia. The other fold is a recumbent isocline trending S55E and plunging 35 
degrees to the southeast; its axial plane dips northeast at 9 degrees. This fold is in what 
appears to be recrystallized sedimentary rock bounded by quartz monzonite (Plate 1; NE 1/4 
of section 8, T24N, R1W). The fold axes are plotted on the stereonet of Figure 4.8. These 
folds are nearly antipodal, suggesting they formed in the same tectonic setting.
3. NW-SE Compression
The third deformation of the region appears to have been NW-SE-directed compression. 
The orientation of two sets of minor faults implies formation during compression to the NW.
The first of these sets is a group of 9 strike-slip faults that strike NW to west; these are 
plotted in Figure 4.9. As the small block diagram accompanying Figure 4.9 indicates, 
horizontal compression will produce strike-slip faults with strikes roughly parallel to the 
compressive stress. One of these faults has slickensides that indicate the first motion was
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s NNE-di rected compression 
(the heavy arrows) produced 
this set of minor strike-slip 
faults.
FIGURE 4.7 Equal area lower hemisphere plot of poles to planes of one group of minor 
strike-slip faults (^=^), left lateral strike-slip faults (^=^), and right lateral 
strike-slip faults (^^): these faults may have formed by NE-directed compression (see 
block diagram for stress orientations), represented by the heavy arrows.
31
NFIGURE 4.8
Equal area lower hemisphere stereoplot of poles to bedding 
planes for the anticline: the great circle is a graphically 
determined best fit to these poles, and the pole to this 
plane (O) is an approximate fold axis location for the 
anticline. The isocline fold axis was measured in the field. 
The NW-SE orientation of these fold axes suggests 
formation during NE-directed compression.
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FIGURE 4.9 Equal area lower hemisphere plot of poles to planes of a second set of 
minor strike-slip faults (^=^), left lateral strike-slip faults (^^), and right lateral 
strike-slip faults ( o ) represents the strike-slip fault that was later reactivated 
as a normal fault (see Figure 4.11). This group of faults may have been generated by 
NW-directed compression, represented by the heavy arrows. See block diagram for 
orientation of stresses. oo
strike-slip; cross-cutting slickensides indicate the fault was later reactivated by vertical 
(normal) offset. This is the reason that NW compression is felt to have preceded the fourth 
deformation described below.
The second set of faults indicative of NW-SE-directed compresston is oblique-slip faults 
that are plotted on Figure 4.10, where left oblique-slip and right oblique-slip faults form a 
conjugate set. The accompanying block diagram shows the orientation of stresses that could 
have produced these faults.
4. NE-SW Extension
A group of 5 normal faults, plotted in the stereplot of Figure 4.11, strike west to NW.
This orientation indicates formation during NE-directed extension, as shown by the small 
block diagram on Figure 4.11. As mentioned above, it is felt that this fourth deformation 
follows the third because one of the faults generated in the third deformation apparently was 
reactivated by extension to the NE. This fault is noted on Figure 4.10 and Figure 4.11.
The arc-related andesite and dacite dikes (see Stratigraphy section) were also emplaced 
during NE-SW extension. Strikes and dips on 14 of the dikes were plotted as poles-to-planes 
on Figure 4.12. A rose diagram similar to that in Figure 4.5 was also constructed, this time 
centered on the stereonet plot of Figure 4.12. The data presented in Figure 4.12 suggests 
emplacement of the arc-related dikes due to NE-SW-directed extension, represented by the 
arrows of Figure 4.12.
The arc-related dikes cross-cut the mafic Bremerton lithologies, showing they are later.
Few controls on the history of faulting in the Bremerton rocks were seen in the field.
However, if topography is a reliable indicator of fault traces, then the Union River Fault may 
be extended southward through the Union River Reservoir (Plate 1) along the dashed line of 
Figure 4.3a. The Union River valley is crossed by the andesite and dacite dikes (Plate 1), 
suggesting movement on the URF had ceased before intrusion of the dikes during NE-directed 
extension.
Structural History
The structural history of the Bremerton rocks, based on the data and observations 
presented above, is as follows (see Figure 4.4):
1) The Bremerton mafic dikes were intruded along fractures formed by
WNW-ESE-directed extension (Figure 4.5). The relative scatter of dike orientations is
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NW - di rected co m p ressi o n 
(the dashed arrows) 
coupled with NE extension 
(the solid arrows) 
produced the oblique-slip 
motion of this set of 
minor faults.
FIGURE 4.10 Equal area lower hemisphere plot of poles to minor oblique-slip 
(•) fauits. Right oblique-slip faults ( r) and left oblique-slip faults ( l) form a conjugate 
set, possibly produced by NW-directed compression; this is represented by the dashed 
arrows. See the block diagram for orientation of stresses.
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NE-di rected extension 
(the heavy arrows) 
permitted intrusion 
of the arc - related di kes 
in a generally NW-SE 
direction.
FIGURE 4.11 Equal area lower hemisphere plot of poles to minor fault planes of 
predominantly vertical offset; solid arrows show the direction of extension that would 
produce these faults. • = normal faults; | = reverse fault; o = reactivated strike-slip 
fault with normal offset its latest movement (see Figure 4.9). See the block diagram for 
orientation of stresses.
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f NE-directed extension 
(the heavy arrows) 
permitted intrusion 
of the arc - related di kes 
in a generally NW-SE 
direction.
W- 3:
N
s
FIGURE 4.12 Equal area lower hemisphere plot of poles to arc-related dikes, with a 
rose diagram of poles to dike strikes per 10 degrees of arc. These dikes were apparently 
emplaced during NE-SW extension, represented by the heavy arrows (see the block 
diagram).
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consistent with the observation that magnetic iineations in back-arc basins are much iess 
weii deveioped than those in oceans (Watts and Weissel, 1975). Pooriy deveioped magnetic 
iineations may be the result of spreading centers that are much less regular than those found 
at mid-ocean ridges in major ocean basins, possibly due to numerous small spreading axes 
(Lawver and Hawkins, 1978) or jumps in the spreading axis or axes (Weissel, 1977).
2) During or immediately following dike emplacement, the major oblique-slip faults
were generated by NW-SE extension and NE-SW compression (Figure 4.6). An age date of 
about 50 Ma for the Bremerton gabbro (see Age date section), the apparent source of the 
mafic dikes (see Geochemistry section), helps constrain the timing of this event. Calculated 
plate motions for this time (Wells et al., 1984) show NE-SW convergence between the 
oceanic (Kula or Farallon) plate and the North American plate, a motion consistent with that 
implied by the orientation of dikes and major faults.
3) NW-SE-directed compression is indicated by one group of strike-slip faults plotted on
Figure 4.9. Striations on one of these faults show the fault was later reactivated by extension 
to the NE-SW, giving the relative timing of these tectonic events. The orientation of a 
conjugate set of minor oblique-slip faults (Figure 4.10) also apparently formed by NNW 
compression and NE-directed extension.
4) The latest tectonism produced structures characteristic of NE-SW extension. These
include the normal fault, and possibly other parallel faults (Figure 4.11), that was 
generated by new movement on an earlier strike-slip fault, and the arc-related dikes 
(Figure 4.12). These dikes, probably part of the Cascade arc, provide an approximate age of 
43 Ma (or later) for the NE-SW-directed extension.
It should be noted that these 4 deformational events were probably not discrete events; 
instead it is likely that the change from one tectonic regime to another was relatively gradual. 
For example, events 3 and 4 could probably be grouped together, as NW compression and NE 
extension could have been produced in a single tectonic setting. However, they have been 
separated here because the reactivated strike-slip fault formed during the third deformation 
has slickensides that show the fault had later normal motion.
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PETROGRAPHY
Leucogabbro
Eight thin sections of leucogabbro were studied. The texture is intergranular and 
glomeroporphyritic with phenocrysts of plagioclase and less commonly pyroxene. The rock is 
composed of approximately 45% plagioclase, 40% clinopyroxene, 5% opaques, up to 5% 
hornblende, a few percent orthopyroxene, and a few percent chlorite and uralite(?).
Plagioclase and pyroxene enclose each other. Many regions in all thin sections have a "shatter 
effect".
Plagioclase is anhedral to subhedral and shows normal zoning. Albite and Carlsbad twins 
are common. Plagioclase compositions range from An53 to An80 (labradorite to bytownite) 
as determined by the a-normal method.
Augite is the common pyroxene: it is subhedral and contains tiny opaque grains that are 
probably magnetite. A few orthopyroxene grains are present.
An opaque mineral, probably magnetite, occurs as tiny euhedral grains within both 
plagioclase and pyroxene and is also interstitial to these minerals as large, anhedral grains. 
Magnetite also forms skeletal grains reminiscent of fish bones in appearance. It is interstitial 
to plagioclase and pyroxene, but is continuous across these grains in a few thin sections as 
well.
Brown hornblende appears to be a primary phase. It is interstitial to earlier-formed 
phases and is generally anhedral.
Pyroxene and hornblende show minor alteration to chlorite and uralite(?).
Pegmatoid
"Pegmatoid" is used here to denote a very coarse-grained rock that is commonly associated 
with the leucogabbro, and may be its late-stage differentiate.
Eleven thin sections of this rock were studied. Mineralogic variations not evident in the 
field define end-members of this lithology. One end-member, informally called gabbroic 
pegmatoid, is nearly identical to the leucogabbro except that it is much coarser and lacks 
amphibole. The other end-member, here referred to as granophyric pegmatoid, is equally 
coarse, but plagioclase is more sodic, and interstitial quartz and several other minerals are 
present that were not recognized in the leucogabbro or in the gabbroic pegmatoid.
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Gabbroic Peamatoid
The gabbroic pegmatoid is intergranular and commonly ophitic to subophitic with grains 
to 3 or 4 cm. Most samples exhibit a "shatter effect" in which most mineral grains are 
extensively shattered: tiny shears are also abundant. Plagioclase and pyroxene enclose each 
other. Plagioclase has been sericitized but is less prone to alteration than pyroxene, which 
shows fairly extensive uralitization. The rock is typically composed of approximately 45% 
plagioclase, 40% clinopyroxene, and 5 to 10% magnetite.
Plagioclase occurs as very small grains interstitial to, and enclosed by, pyroxene; it also 
occurs as grains several cm in size as chadacrysts in pyroxene. The grains are roughly 
equant or lath-like and generally subhedral to euhedral. Both albite and Carlsbad twins are 
common and normal zoning is evident. Plagioclase compositions, determined by the a-normal 
method, range from An33 to An80 (andesine to bytownite).
Pyroxene is commonly clinopyroxene (augite); no orthopyroxene was recognized. Most 
pyroxene is anhedral and, in all but 2 samples, extensively altered to uralite.
Magnetite(?) is the main opaque in the gabbroic pegmatoid. It is interstitial to plagioclase 
and pyroxene as anhedral grains, and also takes the skeletal or ribbed form noted in the 
leucogabbro.
GranoDhvric Peamatoid
The texture of the granophyric pegmatoid is intergranular granophyric with grains to 
several cm. The rock is typically composed of about 40% plagioclase, 10 to 20% pyroxene, 
about 25% quartz, 10% micrographic regions, up to 10% magnetite, a few percent epidote, 
and perhaps a few percent microcline. Shearing and shattering is common.
Plagioclase occurs as subhedral to euhedral laths and equant grains that are somewhat 
sericitized. The plagioclase contains small, anhedral epidote grains. Carlsbad and albite 
twins are common. Plagioclase encloses, and is enclosed by, pyroxene. Compositions of the 
plagioclase range from about Ani 0 to An30 (oligoclase).
The only pyroxene noted is augite. It forms anhedral to subhedral grains that are 
extensively altered to green hornblende and uralite.
Most quartz occurs as anhedral grains interstitial to plagioclase and pyroxene but is also 
represented by scattered, large, euhedral grains and by optically continuous regions in the 
granophyric blebs. These clumps occur mostly between plagioclase grains.
40
Magnetite forms large anhedral grains interstitial to plagioclase and pyroxene and also 
occurs in the skeletal or ribbed habit described for the leucogabbro (above).
Primary, subhedral, epidote grains are scattered throughout the samples. The epidote is 
pale yellow-green in plain light and occurs within plagioclase, quartz, and interstitially.
Several grains appear to have cross-hatch twinning characteristic of microcline; 
unfortunately alteration makes identification uncertain.
Felsic Plutonic Rocks
Felsic Plutonic rocks generally occur together in the field and are mapped as a single unit. 
Three main lithologies were recognized petrographically. These are quartz monzonite, quartz 
diorite, and tonalite.
Quartz Monzonite
Five thin sections of quartz monzonite were studied. The texture of this rock is 
intergranular granophyric. Plagioclase and potassium feldspar typically occur in subequal 
amounts of about 35% each as determined by staining. Quartz composes about 15% of the 
rock, amphibole about 5%, opaques about 5%, and apatite and sericite the remainder.
Most plagioclase occurs as subhedral or euhedral grains; it is generally somewhat altered 
to sericite(?) plus or minus small amounts of pumpellyite. Most plagioclase has albite and 
Carlsbad twins. An approximate composition of An20 (oligoclase) was determined by the 
a-normal method.
Potassium feldspar includes, in decreasing abundance, microcline, orthoclase, and
microperthite. Microcline has cross-hatch twinning. Orthoclase has the best formed 
crystals and commonly exhibits Carlsbad twinning. Microperthite is extensively altered to 
calcite.
Quartz is interstitial to the feldspars as anhedral grains, and is present within the 
granophyric blebs. A few euhedral grains are present in regions of sericitization.
Opaques, mainly magnetite, occur as subhedral, blocky grains enclosed by all other 
minerals: it is particularly abundant within amphibole. A few grains exhibit the skeletal 
habit noted in the leucogabbro (above).
Most amphibole is green hornblende that is a little fibrous. Hornblende is commonly 
altered to clays; it is subhedral and enclosed by, or interstitial to, feldspars.
Primary, subhedral apatite is scattered throughout the samples interstitial to other
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Quartz Diorite and Tonalite
Study of thin sections from 14 samples indicates a gradation from tonalite to quartz 
diorite with a decrease in quartz and micrographic intergrowths and a corresponding increase 
in plagioclase. Textures are intergranular granophyric. The rocks are typically composed of 
about 35 to 45% plagioclase, regions of uralite and sericite amounting to about 25%, quartz 
and micrographic intergrowths from 10 to 20%, opaques about 15%, and several percent 
each of pyroxene and amphibole.
Plagioclase shows strong normal zoning with core compositions of about An60 and rims 
about An20 to An25 (labradorite to oligoclase). Carlsbad and albite twins are common. 
Plagioclase encloses, and is enclosed by, pyroxene. It forms subhedral to euhedral laths and 
equant crystals.
Most of the uralite and sericite(?) are interstitial to plagioclase and appear to be 
alteration products of pyroxene, indicating a higher pyroxene component at crystallization.
Most quartz is large anhedral grains interstitial to other minerals and intergrowths in the 
granophyric blebs, which formed between plagioclase grains.
An opaque mineral, probably magnetite, occurs as anhedral or subhedral grains with a 
blocky habit, although a few skeletal opaques are present. Magnetite is enclosed by all 
minerals.
A few subhedral grains of augite are preserved; these enclose, and are enclosed by, 
plagioclase. One orthopyroxene grain was recognized; it is better preserved than 
clinopyroxene. A few of the augite grains are rimmed by amphibole.
Dikes of Diabase and Basalt
Thin sections of 23 dikes from the dike swarm at Bremerton show two main lithologies: 
dikes of basalt and dikes of diabase.
Basalt Dikes
Basalt dikes have an intergranular texture. They are aphanitic, porphyritic, 
microporphyritic, or glomeroporphyritic. A few samples are also amygdaloidal with fillings 
of, in decreasing abundance, pumpellyite, chlorite, and calcite. Plagioclase and pyroxene
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minerals: it is especially abundant in regions of sericite.
A little pumpellyite and chlorite is also present interstitial to other grains.
each typically make up about 35% of the rock; pumpellylte is interstitial to, and commonly 
replaces, these minerals and comprises up to 20% of the samples: opaque minerals compose 
the remainder.
Plagioclase has a mottled appearance and is moderately altered to pumpellylte. Plagioclase 
shows normal zoning, has both albite and Carlsbad twins, and is subhedral to anhedral. It is 
the main phenocryst mineral, having few or no pyroxene phenocrysts with it in the 
cumulophyric clumps. A composition of An55 (labradorite) was obtained by the 
Michel-Levy method. Relatively large plagioclase grains form scattered patches of 
crudely-radiating laths; smaller laths, along with small pyroxene grains, compose the 
groundmass.
Most pyroxene is subhedral augite, although a few grains of orthopyroxene are present in 
a few samples. Clinopyroxene Is less commonly a phenocryst than plagioclase, although in 
one sample it is the only phenocryst. Most pyroxene is less altered than plagioclase, with the 
exception of one sample in which pyroxene is entirely altered to a brown mineral 
(Iddingsite?).
Opaques are blocky in habit and appear to be magnetite. In a few samples the opaque 
mineral has a skeletal or ribbed appearance that appears to have formed independent of other 
mineral boundaries, much like that seen in the other plutonics.
Diabase Dikes
The other main lithology of the dike swarm is diabase. Texturally the rock is coarser than 
basalt but finer than gabbro; it is commonly intergranular and ophitic or subophitic. The 
diabase is mostly porphyritic or glomeroporphyritic; most phenocrysts are plagioclase. No 
amygdales were recognized in the diabase. Plagioclase and pyroxene each typically compose 
about 35% of the rock. Pumpellylte is interstitial to, and has replaced, both minerals and 
makes up at least 15% of the rock. Opaque minerals make up the remainder. A few 
orthopyroxene grains were recognized in one thin section. Most plagioclase is moderately 
altered and occurs as small subhedral laths within pyroxene or as large subhedral radiating 
laths with pyroxene between the laths. Albite and Carlsbad twins are common. Many grains 
exhibit normal zoning.
Augite is the dominant pyroxene and encloses plagioclase in most thin sections; most of the 
pyroxene grains are fresh, although in several samples it is preferentially altered to 
pumpellylte and an unknown brown mineral.
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As in the basalt dikes, magnetite(?) is mostly blocky but has a skeletal appearance in a 
few samples.
Submarine Unit
Three main lithologies are present in the submarine unit at Bremerton; basalt flows, 
felsic volcanics, and associated volcaniclastic rocks. Ten thin sections from the lower 
Crescent basalts and 10 from the Bremerton submarine basalt flows were studied 
petrographically; these units are petrographically somewhat similar. Four thin sections 
from felsic rocks interbedded with (or sills in) the predominantly mafic submarine unit 
were analyzed. Ten samples of the associated volcaniclastics from the Bremerton rocks were 
also examined.
Submarine Basalt Flows
Textures in both Crescent and Bremerton submarine basalts are gradational from section 
to section; textures include variolitic, spherulitic with subophitic patches, and 
intergranular. About a third of the samples are porphyritic or glomeroporphyritic with 
phenocrysts of plagioclase and sparse pyroxene. Smail amygdales are filled with chlorite or 
pumpellyite or both; minor caicite is also present. Plagioclase typically composes about 
50% of the rock, clinopyroxene about 35%, and opaques about 10%. Only a few olivine 
grains were recognized, but oiivine may comprise a few percent of some samples.
In the variolitic sampies amygdales are filled with caicite and minor pumpellyite. A few 
smail veins contain pumpellyite and chlorite. The entire rock is radiating plagioclase and 
pyroxene acicular laths that, in the case of the lower Crescent Formation basaits, are brown 
in both piain and polarized light. Singie anhedral plagioclase laths or pyroxene grains occupy 
the centers of some radial clumps.
Most samples from the submarine flows are intergranular. Very elongate, 
crudely-radiating plagioclase laths are anhedral to subhedral and show normal zoning. Albite 
and Carlsbad twinning is common. In most samples the plagioclase appears mottled and 
altered; two compositions were obtained by the a-normal method, indicating a range of An55 
to An65 (labradorite). Sporadic phenocrysts of plagioclase occur singly or in clumps; most 
are more equant and subhedral.
All pyroxene recognized is clinopyroxene. In some samples pyroxene is preferentially
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altered to chlorite and pumpellyite. Pyroxene and plagioclase enclose each other.
Opaques are blocky and interstitial and are magnetite(?), although a few are elongate and 
may be ilmenite.
The few olivine grains recognized are subhedral phenocrysts larger than most other 
roughly equant grains.
Felsic Volcanic rocks
Two thin sections from each of the two felsic volcanic outcrops (Plate 1) were studied. 
These rocks appear to be the extrusive equivalents of the felsic plutonics, namely the quartz 
monzonite, quartz diorite, and tonalite. They are quite weathered in outcrop and altered in 
thin section. Alteration minerals typically make up about 50% of the rock, quartz 20%, 
opaques about 15%, plagioclase 5%, and microperthite about 5%. A few pyroxene grains are 
also present. Textures are intergranular porphyritic or intergranular glomeroporphyritic.
Plagioclase occurs as extensively altered phenocrysts. Most quartz is an anhedral mineral 
In the fine-grained matrix but also makes up a few subhedral phenocrysts.
The opaque mineral is probably magnetite which occurs as a blocky mineral in the matrix.
Subhedral laths of microperthite are phenocrysts. The few pyroxene grains present are 
extremely altered to chlorite and sericite(?). This alteration has affected all minerals in the 
thin sections with the exception of quartz, which appears nearly fresh.
Associated Volcaniciastic rocks
Sedimentary interbeds in the submarine basalt flows at Bremerton apparently comprise a 
large percentage of the unit. Rock types are many and indicate that phreatomagmatic eruptive 
phases are interspersed with the more fluid basaltic eruptions described above.
Sedimentary rocks include the following: altered lithic tuffs with rock fragments of 
vesicular basalt in a matrix of shards: volcanic breccias composed entirely of basalt 
fragments: aquagene crystal lithic tuffs containing basalt fragments, pyroxene crystals, and 
glass shards: graded basaltic sandstones and siltstones composed of basaltic lithic fragments 
and shards: and welded tuffs.
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Subaerial Basalt Unit
Thin sections from 13 flows from each of the upper Crescent Formation, the Port 
Townsend, and the Bremerton subaerial basalt flows were compared; these three units are 
petrographically indistinguishable.
All samples studied are intergranular; only a few are aphyric, the rest are porphyritic, 
microporphyritic, or glomeroporphyritic with phenocrysts of subhedral plagioclase. Two 
thirds of all sections are amygdaloidal; fillings are predominantly pumpellyite although 
chlorite and calcite are present in small amounts. Plagioclase typically composes about 45% 
of the rock, clinopyroxene about 35%, and opaques about 15%. Scattered olivine crystals 
are present in about half of the samples, as is orthopyroxene.
Plagioclase occurs as subhedral laths in the matrix or as individual phenocrysts or 
clumps with or without pyroxene. Compositions range from about An58 to An70 
(labradorite) as determined by the Michel-Levy and a-normal methods. The plagioclase is 
normally zoned and has both albite and Carlsbad twins.
Most clinopyroxene is augite; most of the augite is in the cumulophyric clumps with 
plagioclase, but it also makes up a few single phenocrysts. Most pyroxenes are subhedral, 
some are euhedral; they enclose or are interstitial to plagioclase. A few orthopyroxene 
grains are present in about half of the sections, but most have been replaced by an alteration 
mineral (iddingsite?).
Opaque minerals are interstitial to pyroxene and plagioclase and are blocky in habit; they 
are probably magnetite, with a little ilmenite.
The few olivine grains recognized are subhedral to anhedral and occur as scattered 
phenocrysts.
Andesite and Dacite Dikes
Thin sections were studied from 12 dikes of andesite and dacite that cut many of the other 
lithologies (see Stratigraphy section). Quartz composes 5 to 10% of the andesites and 15 to 
20% of the dacites. Plagioclase typically makes up about 50% of the rocks, amphibole 10 to 
15%, microperthite 5 to 10%, microcline 0 to 10%, and magnetite about 5%. A few 
pyroxene grains are present in several sections; some alteration has affected the amphiboles 
and makes up the remainder of the samples. Textures are, in decreasing abundance, 
pilotaxitic porphyritic, glomeroporphyritic with a felty groundmass, and hyalopilitic.
Plagioclase forms subhedral to euhedral phenocrysts alone or in clumps with or without
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amphibole. Spongey phenocrysts are common, as is Albite and Carlsbad twinning.
Oscillatory zoning is seen on some crystals, and a few grains have rims of potassium feldspar. 
Plagioclase compositions range from An20 to An40 (oligoclase to andesine).
Amphibole is hornblende that is colorless to dark green in plain light. The hornblende 
forms elongate subhedral to euhedral phenocrysts that show simple twinning. Some grains 
have alteration rims or cores of chlorite or calcite. Hornblende rims some pyroxene 
crystals. It encloses, and is enclosed by, plagioclase and occurs in some of the clumps of 
plagioclase phenocrysts.
Quartz occurs as spherulitic masses, as generally euhedral phenocrysts, as anhedral 
grains in the groundmass, and as masses of small anhedral grains that appear to have replaced 
other mineral grains.
Subhedral to euhedral phenocrysts of microperthite occur in small amounts as single 
scattered grains. Subhedral grains of microcline make up about 10% of some samples.
Magnetite has two habits in all thin sections. It forms very small subhedral or euhedral 
grains enclosed by all other minerals and also occurs as large, subhedral, equant phenocrysts 
alone or intergrown with hornblende or, less commonly, with quartz.
A few scattered grains present are clinopyroxene; most have rims of hornblende.
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GEOCHEMISTRY
Previous Geochemical Studies
Glassley (1973,1974) analyzed 43 samples from the Crescent basalts west of the Hood 
Canal. He distinguished a lower submarine member and an upper subaerial member 
separated by a tectonic break. He argued that the lower member is metamorphosed to the 
prehnite-pumpellyite facies and is extensively sheared, unlike the "...virtually unsheared 
and unmetamorphosed..." (Glassley et al., 1976, p. 1200) upper member. He also felt the 
members could be discriminated chemically. Glassley correctly observed that the basalts had 
been metamorphosed so that their present Fe203/Fe0 ratios are not reliable indicators of the 
original oxidation state of the melt (Glassley et al., 1976). However, he invalidly used a 
value of 1.50 percent Fe203 in normative calculations (Glassley, 1974; Glassley et al.,
1976). He felt that rocks that were tholeiites on the basis of this calculation could be 
distinguished through variations in Ti02 and rare-earth elements. Glassley plotted only 
these tholeiites on the Ti02 vs. FeO/MgO diagram in his 1974 paper; he also plotted only 
some of the samples on the REE diagram (1974), in order to "avoid clutter". He concluded 
the upper member basalts are "identical" to Hawaiian Islands-type (hot-spot) tholeiites and 
continental tholeiites. Glassley suggested the lower member basalts are a slice of what he 
termed a "non-hot-spot intraplate seamount or seamounts". Although such rocks are 
chemically indistinguishable from ocean ridge tholeiites, he felt that an intrusive complex 
present in the lower member (Glassley, 1974) was most similar to intrusions in seamounts 
(Glassley et al., 1976).
Lyttle and Clarke (1975; Glassley et al., 1976) rejected Glassley's arbitrary value for 
Fe203 which had led him to plot only normative tholeiite samples (Glassley, 1974; Glassley 
et al., 1976). Lyttle and Clarke plotted all of Glassley's data (Glassley et al., 1976) as well 
as 24 samples of their own (1975). In their opinion, any distinction between upper and 
lower members disappears when all the data are plotted. They also argued that differences in 
the shearing and metamorphism of the two members (Glassley, 1973,1974; Glassley et al., 
1976) is "...not incompatible with the variation to be expected in a single volcanic episode..." 
(Glassley et al., 1976, p. 1203). On the basis of interrelated sediment (1975) and 
geochemical discriminant diagrams (Glassley et al., 1976) Lyttle and Clarke proposed an 
island arc origin for the Crescent Formation basalts.
Cady (1975) also rejected tectonic and compositional differences between the upper and
lower member tholeiites, suggesting the increase in K20 and Ti02 in upper member rocks is
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nothing more than "...simple upward lithic gradation..." (Cady, 1975, p. 577). On the basis 
of field relations, Glassley's 1974 geochemical data, and data of his own Cady (1975) argued 
that the Crescent basalts formed as Hawaiian-type seamounts and perhaps (partly?) as 
abyssal tholeiites.
Basalts that compose the Black Hills of southwest Washington (Figure 2.1) are chemically 
similar to the upper Crescent Formation basalts. In a Masters thesis for Western 
Washington University, Globerman (1980) presented chemical data on thirty samples from 
the Black Hills rocks. In his comparison of the Black Hills basalt chemistry with that of 
other Coast Range basalts he recognized a close resemblance between Black Hills basalt 
chemistry and that of the upper Crescent Formation basalts (1980). He felt the lower 
Crescent basalts differ from the Black Hills basalts, especially in Ti02 content, and are more 
similar to rocks of the Metchosin Volcanics of Vancouver Island (Figure 1.1) The average 
chemical composition of the 6 Bremerton flows analyzed in this study (chemical data 
presented in Table 6.1) is contrasted with that of the 30 basalt samples from the Black Hills 
(Globerman, 1980) in Table 6.2. The composition of the Bremerton basalts closely 
resembles that of the Black Hills basalts.
The data outlined above are the only geochemical data for the Crescent basalts known to the 
author. It is because of the relative paucity of data, its multiple interpretations, and the 
apparent lack of chemical data for the Bremerton rocks that this study was undertaken.
Objectives of the Study
The geochemistry of the Bremerton, Port Townsend, and Crescent Formation rocks was 
studied with the following objectives in mind:
1) To compare the volcanics of all three areas to determine if they are oogenetic. The
Port Townsend and Bremerton rocks are probably separated from the main mass of the 
Crescent Formation by the Hood Canal fault (Danes et al., 1965; see Structure Section, figure 
4.1); glacial deposits, vegetation, and water also obscure relationships among these rocks. 
Geochemical comparison may resolve the question of whether or not these separate localities 
are correlative.
2) To determine if the plutonic and volcanic rocks in the Bremerton area are cogenetic.
Outcrops are in close proximity, but poor exposure and faulting prevents any definite 
correlation. This is particularly true of the Bremerton subaerial basalts, which are 
separated from the plutonics to the north by the Gold Creek fault (Plate 1).
3) To discover the petrotectonic origin of the rocks of all three regions by discriminant
diagram plots. Little or no geochemical data exists for the Bremerton rocks, at least in
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TABLE 6.1
GEOCHEMICAL DATA - lower Crescent basalt
Major elements (wt. %)
fii2 JL3. _Si2 8-12 12-9
SI02 50.10 49.94 48.58 48.95 49.27
TI02 0.96 1.64 1.93 1.99 1.61
AI203 15.61 14.73 15.60 14.10 12.45
Fe203 0.89 1.07 1.15 1.48 1.29
FeO 7.22 8.65 9.30 11.94 10.39
MnO 0.16 0.18 0.20 0.22 0.22
8.81 7.39 7.35 6.21 5.97
CSD 11.28 10.99 8.77 9.44 8.41
Na20 3.07 3.38 4.54 3.73 3.72
K20 0.64 0.16 0.05 0.35 0.12
P205 0.11 0.20 0.22 0.16
TOTAL 98.85 98.33 97.69 98.61 93.61
CIPW norms
0.38Ap 0.23 0.44 0.47 0.44
II 1.75 3.12 3.58 3.78 3.32
Mt 1.24 1.56 1.63 2.15 2.03
Or 3.62 0.95 0.29 2.06 0.77
Ab 24.62 28.60 32.02 31.50 34.09
An 25.81 24.55 21.46 20.66 18.32
Di 23.37 24.48 16.63 20.82 21.67
Hy 2.81 0.47 8.77
0I 18.05 11.83 18.69 16.73 4.27
Me 0.15 2.92
C
Q
Trace elements (Pom)
Ni 159 204 83 51 55
Cr 498 459 231 105 192
Sc 40 41 38 39 37
V 246 294 373 408 384
Ba 149 39 49 84 60
Rb 14 3 1 3 4
Sr 285 70 98 189 144
Zr 65 102 112 118 97
Y 21 32 35 40 37
Nb 25 13 16 8 5
11 20 21 20 12
Cu 132 121 102 221 178
Zn 75 103 93 116 107
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TABLE 6.1 (continued)
upper Crescent basalt
Major elements (wt. %)
11-17 35.:i-a 38-18 41-18 44-18 4 6-.18
Si02 48.74 48.32 48.82 48.86 48.42 49.09
Ti02 2.65 1.88 2.31 1.85 1.95 1.48
AI20313.96 15.04 14.38 15.00 14.48 14.37
Fe203 1.46 1.16 1.36 1.19 1.37 1.27
FeO 11.77 9.41 10.97 9.59 11.04 10.30
MnO 0.21 0.21 0.22 0.19 0.23 0.21
6.57 7.90 7.16 7.79 7.17 7.92
CsD 10.04 12.18 11.58 11.35 11.47 11.28
Na20 3.19 2.14 2.24 3.00 2.81 2.91
K20 0.39 0.24 0.20 0.14 0.20 0.15
P205 0.26 0,18 0.24 0.18 0.18 0.13
TOTAL 99.24 98.66 99.48 99.14 99.32 99.11
CIPW norms
Ap 0.59 0.41 0.57 0.39 0.40 0.29
II 5.19 3.73 4.78 3.50 3.75 2.83
Mt 2.18 1.76 2.15 1.72 2.01 1.85
Or 2.37 1.48 1.28 0.82 1.19 0.89
Ab 27.76 18.87 20.59 25.24 24.00 24.73
An 23.26 32.02 31.07 26.89 26.55 25.82
Di 22.12 25.38 25.13 23.81 25.13 25.10
Hy 4.10 7.26 10.66 2.23 2.70 2.92
OI 11.67 7.76 3.25 14.53 13.60 14.68
Me
C
Q
Trace elements (pom)
Ni 45 106 86 75 51 56
Or 82 308 248 1 87 167 1 46
Sc 36 41 42 40 43 43
V 368 293 360 322 342 309
Ba 141 69 69 58 83 55
Rb 3 3 2 1 2 2
Sr 311 223 216 364 209 253
Zr 1 71 11 6 1 46 1 1 9 113 88
Y 33 24 30 25 28 25
Nb 18 14 18 14 12 6
Q& 23 19 21 17 21 16
Cu 1 40 130 283 261 84 86
Zn 1 28 86 115 1 1 0 116 87
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Port Townsend basalt
TABLE 6.1 (continued)
Major elements (wt. %)
W1 W2 ..Q£1 _MM1 MM2 PL2
Si02 47.77 49.46 50.07 48.93 49.20 48.25
Ti02 1.52 1.49 1.97 1.87 1.87 1.95
AI20317.12 15.21 15.17 15.22 15.04 14.49
Fe203 1.29 1.22 1.32 1.32 1.23 1.35
10.41 9.84 10.71 10.65 9.97 10.95
MnO 0.20 0.21 0.23 0.16 0.20 0.19
7.08 7.22 6.73 6.58 6.93 6.70
C£D 11.59 12.73 12.09 12.31 12.29 12.09
Na20 2.17 2.23 2.48 2.28 2.36 2.29
K20 0.08 0.10 0.21 0.15 0.23 0.19
P205 0.13 0-13 0.20 0.19 0.18 0.20
TOTAL 99.36 99.84 101.18 99.66 99.50 98.65
CIPW norms
Ap 0.30 0.30 0.47 0.45 0.42 0.47
II 3.06 3.00 4.01 3.80 3.75 3.93
Mt 1.98 1.87 2.05 2.05 1.88 2.07
Or 0.50 0.62 1.32 0.95 1.43 1.19
Ab 19.42 19.94 22.41 20.59 21.03 20.49
An 38.85 32.97 31.65 32.93 31.35 30.34
Di 17.83 27.91 26.22 26.14 26.84 26.78
Hy 7.59 7.91 8.51 8.23 7.39 7.16
01 9.83 5.30 4.54 4.54 5.41 6.24
Ne
C
0
Trace elements (oomt
Ni 1 13 71 63 53 65 69
Cr 1 56 247 1 66 1 60 216 232
Sc 43 46 41 42 44 42
V 322 31 1 347 320 327 333
Ba 48 42 67 80 38 62
Rb 1 2 3 2 3 1
Sr 1 35 168 203 211 206 1 93
Zr 75 87 1 26 1 23 216 1 22
Y 25 25 29 27 26 27
Nb 6 7 12 13 12 13
QBi 26 16 23 20 17 20
Cu 1 72 212 327 307 167 59
Zn 113 100 1 04 1 1 8 90 108
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TABLE 6.1 (continued)
Bremerton flows
Major elements (wt. %)
_Z2 _Z2 1 8-9 18-.U _L25
Si02 50.49 47.34 50.02 49.08 50.50 48.89
Ti02 2.22 1.72 1.92 2.04 2.09 2.21
A120314.58 15.67 15.37 14.74 14.55 13.49
Fe203 1.32 1.23 1.21 1.33 1.42 1.40
10.66 9.97 9.79 10.78 11.45 11.31
MnO 0.20 0.21 0.21 0.23 0.23 0.24
N/feP 6.77 6.71 7.00 6.75 6.33 6.63
CaD 10.09 11.99 12.36 11.96 11.63 9.33
Na20 3.23 2.85 2.38 2.36 2.37 2.86
K20 0.38 0.11 0.23 0.19 0.21 0.74
P205 0.23 0.16 0.19 0.21 0.21 Q.22
TOTAL 100.17 97.9 100.68 99.67 100.99 97.32
CIPW norms
Ap 0.53 0.35 0.44 0.49 0.51 0.52
II 4.45 3.22 3.89 4.16 4.41 4.50
Mt 2.02 1.76 1.87 2.07 2.29 2.18
Or 2.36 0.64 1.45 1.20 1.38 4.67
Ab 28.78 23.32 21 .42 21.37 22.23 25.88
An 25.45 29.12 32.52 31.11 31.54 23.30
Oi 21.75 23.96 26.66 26.15 26.03 20.82
Hy 7.11 8.66 8.66 12.04 8.13
OI 7.72 15.40 3.77 4.46 7.32
Me 0.20
u
Q 0.56
Trace elements (ppm.)
Ni 47 59 65 58 46 33
Cr 1 40 225 210 1 49 74 64
Sc 39 42 44 41 43 43
V 325 303 31 1 324 354 359
Ba 1 28 44 72 62 85 151
Rb 4 4 3 2 3 12
Sr 309 302 208 205 191 207
Zr 1 42 106 1 1 5 125 1 29 147
Y 29 25 26 28 31 32
Nb 15 11 13 13 13 10
Q& 18 13 19 20 20 19
Cu 1 65 64 1 90 269 59 197
Zn 1 11 88 1 06 1 08 1 09 103
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TABLE 6.1 (continued)
Bremerton mafic dikes
Major elements (wt. %)
112A _sa _52
Si02 48.07 47.06 48.80
Ti02 2.52 2.26 2.44
AI20315.43 13.81 14.89
Fe203; 1.41 1.46 1.41
11.43 11.77 11.41
MnO 0.23 0.24 0.19
5.39 7.23 5.08
C3D 10.93 10.42 9.90
Na20 2.83 2.98 3.28
K20 0.73 0.27 0.73
P205 0.30 0.25 0.26
TOTAL99.27 97.75 98.39
CIPW norms
Ap 0.67 0.55 0.59
11 4.90 4.29 4.78
Mt 2.09 2.11 2.11
Or 4.40 1.59 4.44
Ab 24.45 25.13 28.58
An 27.82 23.43 24.46
Di 21 .43 22.37 20.40
Hy 2.50 1.28 3.09
01 11.00 17.01 9.95
Ne
C
Q
Trace elements (ppm)
Ni 35 72 35
Cr 50 193 43
Sc 39 38 38
V 341 354 338
Ba 426 61 141
Rb 13 6 14
Sr 335 245 303
Zr 1 73 154 1 62
Y 36 34 32
Nb 16 11 14
Ga 19 22 20
Cu 1 73 1 68 1 86
Zn 1 15 103 1 30
1131 104A KQ3
49.43 49.49 48.43 47.31
2.01 2.61 2.40 3.23
14.22 13.97 14.07 13.66
1.37 1.46 1.48 1.73
11.11 11.80 11.96 13.97
0.19 0.24 0.21 0.22
6.86 5.78 6.86 4.56
10.81 9.79 10.10 7.00
2.74 3.52 3.33 4.45
0.42 0.58 0.09 0.12
0.20 0.29 0.25 1.19
99.36 99.53 99.18 97.44
0.46 0.65 0.56 2.79
4.04 5.07 4.65 6.56
2.10 2.17 2.19 2.68
2.62 3.50 0.54 0.76
24.46 30.41 28.64 40.16
26.65 21.04 23.56 18.07
24.13 22.36 21.70 8.85
7.04 2.71 2.98 5.29
7.87 11.61 14.37 12.27
54 39 45 2
161 46 57 9
39 36 39 29
324 378 357 1 80
91 89 55 16
9 10 2 2
259 471 249 113
1 27 1 69 149 212
33 35 31 53
11 15 13 20
14 22 23 37
1 97 1 65 1 73 1 02
1 1 6 133 1 08 1 68
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TABLE 6.1 (continued)
Group 1 Bremerton plutonics Group 3 Bremerton plutonics
Major elements (wt. %)
_2Q .45^ i2Qa 45.1 insi
Si02 49.40 53.70 61.59 62.39 58.97 70.37
Ti02 1.52 1.45 0.95 1.40 1.71 0.44
AI20317.80 15.65 15.81 14.23 14.28 12.53
Fe203 1.07 0.83 0.94 0.96 1.16 0.62
8.66 6.73 7.63 7.78 9.36 4.99
MnO 0.17 0.15 0.18 0.20 0.23 0.11
6.38 6.55 1.28 1.43 2.51 0.53
CsD 12.79 12.44 2.76 3.34 4.73 2.02
Na20 2.31 3.10 6.19 5.01 4.43 4.91
K20 0.51 1.04 1.55 2.08 1.28 2.31
P205 0.12 0.12 Q,.2fl 0.29 0.68 0.07
TOTAL 100.73 101.76 99.08 99.1 1 99.34 98.90
CIPW norms
0.16Ap
II
0.27 0.27 0.48 0.69 1.66
2.96 2.80 1.97 2.88 3.62 0.88
Mt 1.59 1.22 1.49 1.51 1.88 0.95
Or 3.08 6.23 9.99 13.30 8.41 14.32
Ab 19.97 26.60 57.12 45.87 41 .69 43.60
An 37.50 26.08 11 .75 11.03 17.02 5.59
Di 22.55 30.63 1.42 3.94 3.41 3.56
Hy 4.23 4.36 6.91 6.33 9.58 3.30
01 8.58 3.56
Ne
C
Q 7.95 13.57 12.08 26.54
Trace elements (ppm)
Ni 42 46 6 7 2 13
Cr 201 72 nd nd nd nd
Sc 39 48 13 14 17 8
V 249 287 7 13 42 nd
Ba 1 16 186 375 318 277 421
Rb 12 24 26 32 20 36
Sr 308 31 1 287 207 257 93
Zr 1 07 80 1179 729 284 722
Y 21 20 66 82 71 81
Nb 8 5 38 58 41 62
17 12 27 29 24 18
Cu 110 121 64 45 45 83
Zn 94 49 1 59 169 149 73
nd = none detected
TABLE 6.1 (continued)
Group 2 Bremerton plutonics dacite dike
Major elements (wt. %)
35.2 2^ 22
Si02 50.21 48.04 43.57 66.67
Ti02 2.88 3.70 3.33 0.42
AI203 13.73 14.09 16.35 16.87
Fe203 1.59 1.61 2.14 0.34
RO 12.83 13.00 17.30 2.76
MnO 0.26 0.31 0.20 0.04
4.24 4.70 7.14 1.50
caD 7.07 9.83 6.88 4.30
Na20 4.96 3.03 2.50 4.53
K20 0.05 0.25 0.13 0.76
P205 0.68 0.99 JL42 0.12
TOTAL 98.50 99.55 99.96 98.31
CIPW norms
Ap 1.58 2.44 1.00 0.27
II 5.81 7.91 6.85 0.82
Mt 2.45 2.63 3.36 0.51
Or 0.31 1.66 0.83 4.62
Ab 44.45 28.77 22.85 39.45
An 15.94 27.06 33.91 21.15
Di 13.68 17.02
Hy 4.76 11.66 8.29 4.16
a 9.52 21.60
Ne
C 1.28 2.19
Q 0.41 25.14
Trace elements (pom)
Ni 7 nd 38 18
Cr 10 4 63 7
Sc 29 34 37 12
V 262 184 453 62
Ba 20 77 57 103
Rb 2 4 2 10
Sr 174 335 360 305
Zr 214 181 142 116
Y 49 51 29 7
Nb 22 29 22 5
Qi 22 16 30 21
Cu 105 98 189 76
Zn 144 163 122 63
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published reports. The Crescent Formation basalts (including the Port Townsend basalts) 
have been more extensively studied, and many origins have been proposed on the basis of 
geochemistry, as noted above.
4) To gain information on the petrologic conditions under which these rocks originated.
Sampling Procedure
From 10 to 40 samples of each lithotogy analyzed were collected in the field. The samples 
were studied petrographically to select the freshest rocks for chemical analysis. Rocks 
selected are the least fractured, altered, or amygdaloidal samples.
In the following geochemistry discussion the rocks analyzed are subdivided into 7 main 
lithologies:
1) The lower Crescent basalts - 5 samples gathered from pillowed or massive flows in
the northern Olympic Peninsula near Hurricane Ridge.
2) The upper Crescent basalts - 6 samples gathered from columnar flows near Mt.
Walker just west of Hood Canal.
3) The Port Townsend basalts - 6 samples gathered from columnar flows near Port
Townsend.
4) The Bremerton basalts - 6 samples (5 subaerial, 1 submarine) gathered from flows
near Bremerton.
5) The Bremerton mafic dikes - 7 samples gathered from the mafic dike complex near
Bremerton.
6) The Bremerton plutonics - 9 samples of plutonic rocks, sampled near Bremerton.
Seven of the samples are from lower in the section than the mafic dikes. One of the remaining 
samples is of a pegmatoid screen between mafic dikes at the base of the dike complex; the 
other is from a feisic intrusive in the base of the submarine member. These samples have 
been subdivided into 3 chemically distinct groups, as discussed in a following section 
(Comparison of the Bremerton plutonics to the Bremerton voicanics). The Group 1 plutonics 
are most like the voicanics and may be their magmatic source, the Group 2 plutonics were 
derived from a relatively enriched source material, and the Group 3 plutonics have silica 
contents of greater than 59 (normalized) weight percent.
7) A dacite dike -1 sample from a dacite dike; part of a set of dikes that cut the
Bremerton rocks. These more feisic dikes may be part of the Cascade arc (see Stratigraphy 
section). This sample is probably not oogenetic with other Bremerton rocks. /
Location maps, stratigraphic locations, and sampling details for each sample analyzed are 
given in Appendices 8 through 11.
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Analytical Procedure
Forty samples were analyzed for this study. Major and trace elements were determined by 
Dr. P. R. Hooper at Washington State University using x-ray fluorescence. The analytical 
procedure is described in Appendix 13. Trace elements determined include Ni, Cr, Sc, V, Ba, 
Rb, Sr, Zr, Y, Nb, Ga, Cu, and Zn.
Norms and Classification
CIPW norm calculations, assuming an Fe203/Fe0 ratio of 0.1, show that all lithologies 
are olivine normative except 1 Bremerton subaerial basalt and 5 of the Bremerton plutonics. 
The basalt flow and 1 plutonic are only slightly quartz normative (0.55 and 0.41 
respectively): the other 4 Bremerton plutonics contain from 8 to almost 27 percent 
normative quartz (see Table 6.1). All lithologies are also hypersthene normative except 2 
lower Crescent basalts and one Bremerton subaerial basalt. These 3 samples are slightly 
nepheline normative (see Table 6.1).
In a plot of Na20 + K20 vs. Si02 (MacDonald and Katsura, 1964) all but 4 samples plot in 
the subalkaline field (Figure 6.1). All but 2 samples plot as tholeiites (Figure 6.2) on a 
silica vs. FeOYMgO diagram (Miyashiro, 1974). On the ternary diagram of Figure 6.3 
(Jensen, 1976), a plot of cation percent of AI203, FeO + Fe203 -i- Ti02, and MgO, all the 
volcanics fall in the tholeiitic field. Slightly more than half of the flows plot in the high-iron 
tholeiitic basalt field; the remainder plot as high-magnesium tholeiites. The mafic dike 
samples plot entirely in the high-iron tholeiite field. The Group 1 plutonics plot as 
calc-alkalic basalts. This diagram is for subalkaline rocks only; therefore only one of the 
Group 2 plutonics was plotted. It falls in the high-iron tholeiite field. The Group 3 plutonics 
are also tholeiites but range in composition from andesite to rhyolite on this diagram. These 
results are summarized in Table 6.3.
Comparison of the Crescent Formation Volcanics 
and the Bremerton and Port Townsend Basalts
One of the objectives of this study is to compare the chemical compositions of the Crescent 
Formation, Port Townsend, and Bremerton basalts. To make this comparison, values of 
relatively immobile minor and trace elements were selected and plotted on discriminant 
diagrams (Figures 6.4 - 6.10). The elements chosen are Mn, Ti, P (Pearce and Cann, 1973; 
Mullen, 1983), Zr, Y, and Nb (Winchester and Floyd, 1977). The data points for volcanics 
of all three areas plot in small, overlapping fields and along well defined trends. The tight
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TABLE 6.2
Major Average of 30 samples Average of 6 samples
Elements from the Black Hills Range from the Bremerton Range
fwt. %1 Globerman f19801 flows fthis study)__
Si02 49.1 46.6-52.1 49.4 47.3-50.5
Ti02 2.4 1.8-3.2 2.0 1.7-2.2
AI203 14.6 13.3-15.6 14.7 13.5-15.7
FeO (total) 13.5 10.5-16.7 10.7 9.8-11.5
MnO 0.22 0.17-0.36 0.22 0.20-0.24
MgO 6.0 4.1-7.6 6.7 6.3-7.0
CSD 11.1 8.6-13.0 11.2 9.3-12.4
Na20 2.6 2.3-3.6 2.7 2.4-3.2
K20 0-26 0.0-0.88 0.31 0.11-0.74
TOTAL 99.78 97.93
Trace elements foomt
Cr 122 11-245 144 64-225
V 354 286-471 329 303-359
Sr 259 138-489 237 191-309
Zr 178 130-248 127 106-147
Y 34 28-51 29 25-32
Nb 22 11-32 13 10-15
This table compares the average chemical compositions of basalt flows from the Bremerton 
rocks and the Black Hills (Globerman, 1980). The rocks are quite similar chemically; the 
greatest differences are in the FeO (total), Zr, and Nb contents, which are all lower in the 
Bremerton rocks.
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TABLE 6.3
AI203 vs. (TI02 -h
• Na20 -H K20 SI02 vs. FeO + Fe203) vs.
SAMPLE vs. Si02 FfiOVMoO MoQ fin cation %)
6-9 subalk ca th
tower 7-3 subalk ca th
Crescent 8-2 alk th
basalts 8-12 subalk th th
12-9 subalk th th
11-17 subalk th th
upper 35-18 subalk th th
Crescent 38-18 subalk th th
basalts 41-18 subalk th th
44-18 subalk th th
46-18 subalk th th
W1 subalk th th
Port W2 subalk th th
Townsend 0P1 subalk th th
basalts MM1 subalk th th
MM2 subalk th th
PL2 subalk th th
79 subalk th th
73 subalk th th
Bremerton 18-7 subalk th th
flows 18-9 subalk th th
18-11 subalk th th
125 subalk th th
112A subalk th th
88 subalk th th
59 subalk th th
Bremerton 1131 subalk th th
mafic dikes 98 subalk th th
104A subalk th th
KQ3 alk th
Group 1 30 subalk th ca
Brem. plut. GM4 subalk ca ca
Group 2 32 alk th
thBrem. plut. 35.2 subalk th
38 alk th
Group 3 45.2 subalk th th
Brem. plut. 009 subalk th th
45.1 subalk th th
me subalk th th
dacite dike 85 subalk ca ca
subalk = subalkaiine; th = tholeiitic; ca = calc-alkaline
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FIGURE 6.3 Ternary plot of AI203 vs. FeO + Fe203 + Ti02 vs. MgO in cation % 
(after Jensen, 1976). Basalt flows of all regions plot as tholeiitic basalt. Group 1 
intrusives are calc-alkalic basalts on this diagram. The one subalkaline Group 2 
intrusive plots as a high-iron thoieiite. All Group 3 plutonics are tholeiites on this 
diagram, and range in composition from rhyolite to andesite. The arc-related dacite 
sample (sample 85) plots as a rhyolite here.
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grouping of these data is consistent with the idea that these basalts are cogenetic. The 
discriminant diagrams are discussed in a following section.
A second line of evidence for a common origin for the volcanics is indicated by 
fractionation trends. If the volcanics of the Crescent Formation and the Port Townsend and 
Bremerton areas were erupted in a common petrotectonic environment as the plots suggest, 
then it is possible that the Bremerton intrusive rocks represent (part oO the eruptive 
source of some or all of these volcanics. This notion is supported by fractionation trends that 
appear to be related to stratigraphic position. The submarine member of the Crescent 
Formation was the earliest erupted unit, and the overlying subaerial member of the Crescent 
Formation and (probably) the subaerial basalts of Port Townsend and Bremerton were 
erupted later. The ages of the mafic dikes near Bremerton (see Plate 1; Stratigraphy 
Section) would span those of the submarine and subaerial basalts. However, it seems likely 
that earlier dikes, the supposed feeders of the lower Crescent volcanics, would be obscured by 
later dikes, and that sampling in the field would correspondingly be biased toward the 
youngest, freshest dikes. Therefore, one may expect the Bremerton dikes to be at least as 
fractionated as the latest volcanics.
Mg# is an index of how "primitive" magmas are. A plot of Mg# (Figure 6.11) shows the 
lower Crescent basalts are the most primitive and that there is a consistent decrease higher 
and later in the stratigraphic succession. This suggests more fractionation as the pile 
deepens or as the rift evolves. A plot of the differentiation index of these units is at odds with 
the consistent trend seen in Mg# (Figure 6.11). This generally consistent trend of increased 
fractionation in successively younger portions of the eruptive sequence is consistent with the 
idea that basalts of all three areas are part of the same volcanic event. As noted above, this 
conclusion is also supported by the overlap of fields for basalts of all three areas in the 
discriminant diagrams (Figures 6.4 - 6.10).
The Bremerton Intrusive Rocks
Another objective of this study is to determine if the intrusive rocks that underly the 
submarine and subaerial volcanics in the Bremerton area (Plate 1; Stratigraphy Section) 
are their magmatic source.
The intrusives have been divided into two groups for this study: 1) mafic dikes of diabase 
and basalt (the dike complex; Plate 1); and 2) intrusives sampled mostly from below the 
dike complex. This second group is referred to as the Bremerton plutonics and includes the 
basal leucogabbro and mafic to felsic intrusives closely associated with it.
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FIGURE 6.1 1 Plot of Mg^ and D.l. (Diferentiation Index). The value of 
Mg decreases with later flows and intrusions, suggesti ng 
that these rocks became increasingly evolved. This is at 
odds with the D.l. plot, which indicates the lower Crescent 
basalts (LC) and Bremerton dikes (BD) are the most 
differentiated, the upper Crescent basalts (UC) and Bremerton 
flows (BF) are leas differentiated, and the Port Townsend 
basalts (PT) are the least differentiated.
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Comparison of the Bremerton Mafic Dikes to the Bremerton Volcanics
In general, the Bremerton dikes plot closely with the volcanics of all three areas (Figures
6.4 - 6.10) and therefore are considered as their probable feeders. As a group, however, the 
dikes exhibit a greater degree of differentiation than the volcanics, as discussed earlier 
(Figure 6.11). This can also be seen on discriminant diagrams utilizing Ti and Cr (Figures 
6.5,6.6,6.10): the dikes plot in the more evolved portions of the fields enclosing the 
volcanics.
Comparison of the Bremerton Plutonics to the Bremerton Volcanics
The Bremerton plutonics were sampled mostly in a quarry stratigraphically below the 
Bremerton dikes (see Figure 6.12 and Plate 1) and form 3 chemically distinct groups.
Group 1 consists of the basal leucogabbro (Sample 30) and a coarser-grained pegmatoid 
(Sample GM4) that is commonly associated with the gabbro. These rocks are chemically 
similar and plot closely with the Bremerton mafic dikes and volcanics of all three areas 
(Figures 6.4 - 6.10). The Group 1 intrusives appear to be the magmatic source of the dikes 
and volcanics and are also the earliest emplaced rocks in the Bremerton study area.
Group 2 and Group 3 rocks intrude and/or are the later differentiates of the Group 1 
intrusives; cross-cutting relations of these rocks are shown in Figure 6.12. The Group 2 
rocks have Si02 contents of less than 54 (normalized) wt. % and generally plot as a distinct 
group (Figures 6.4 - 6.10). Cr, Mg#, and Ti contents indicate the Group 2 rocks are more 
evolved than the volcanics, which is consistent with their later emplacement. However,
P205 content is much greater in the Group 2 rocks than in the other lithologies of this study, 
suggesting the Group 2 plutonics had a separate, more enriched source. One of the Bremerton 
mafic dikes (Sample KQ3) plots consistently with the Group 2 plutonics (Figures 6.4 - 6.6,
6.9, and 6.10). Due to its sample site (it intrudes subaerial flows) it is treated with the 
mafic dikes.
The Group 3 rocks have Si02 contents greater than 59 (normalized) wt. % and for this 
reason do not appear on some of the discriminant diagrams, which were developed for more 
mafic rocks. However, on the digrams plotting Cr vs. Y (Figure 6.10), Zr/Y vs. Zr (Figure 
6.7), and Ti vs. Zr (Figure 6.6), the Group 3 plutonics plot well away from the more mafic 
lithologies. Extremely low Cr and high Si02 contents indicate that these rocks are more 
evolved than Group 2 plutonics, data that are consistent with their generally later 
emplacement (Figure 6.11).
To summarize, the earliest intrusives, consisting of the Group 1 Bremerton plutonics and
the mafic dikes, plot closely with the volcanics of all areas and appear to be their eruptive
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FIGURE 6.12
View showing cross 
cutting relations of the 
Bremerton pi utonics i n a 
quarry on the north central 
portion of the map area; see 
Plate 1.
Felsic volcanic flow toppi ng 
Hill 1291 (not a geochemistry sample).
I Sample 111C|is quartz monzonite, the
apparent feeder of the felsic flow; it may be the 
vertical differentiate of intermediate rocks <GQ9, 
45.1,45.2) below in the quarry.
[sample 52 - a “latest dike" of porphyritic basalt; it is 
one of a group of parallel dikes cutting most other quarry 
lithologies, as is the dike at "a” (see diagram).
Samples GQ9, 45.1,45.2|- quartz diorite (45.1) gradational to (?) tonalite (GQ9,
45.2; named by the Streckeisen classification, 1 976); intrudes sample 38.
Sample 58 - a dense black basalt intruding the basal leucogabbro.
Sample 35.2 - a melagabbro dike intruding the basal leucogabbro.
Sample GM4|- pegmatoid - not on this map - it was sampled at the highest point in
section 15,T24N, RIW. Identical rock is commonly associated with the leucogabbro 
and may be its late-stage, fl uid- rich equivalent.
Cixiuy Sample 50 - the basal leucogabbro - the earliest plutonic.
To summarize the sequence of emplacement: 30 and GM4 formed first; then 38 intruded; 
next GQ9, 45.1, and 45.2; then 32; 35.2 any time later than 30 and GM4; 111C any time, 
but could be a differentiate of GQ9, 45.1, and 45.2 and so may be slightly later than these.
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source. Successively later intrusives of the Group 2 and Group 3 Bremerton plutonics are 
more evolved and were almost certainly derived from a different source material.
Petrotectonic Origin of the Crescent Formation,
Port Townsend, and Bremerton igneous Rocks
The third objective of this geochemical study is to determine the environment of eruption 
for these rocks by the use of discriminant diagrams. In the following discussion the seven 
discriminant diagrams selected for petrotectonic modeling are described separately.
MnO X 10 vs. Ti02 vs. P205 x 10
The ternary diagram of Figure 6.4 (after Mullen, 1983) is a plot of MnO, Ti02, and 
P205. This diagram is reliable for unspilitized and moderately spilitized rocks of zeolite or 
greenschist facies (Mullen, 1983), and therefore should be useful for classifying the lower 
Crescent basalts, which have undergone prehnite-pumpellyite facies metamorphism 
(Glassley, 1974).
Volcanics of all areas, all but one Bremerton mafic dike, and the Group 1 Bremerton 
plutonics, plot in the mid-ocean ridge basalt (MORB) field; Group 2 Bremerton plutonics 
plot in the ocean island fields (Figure 6.4). The Group 2 plutonics apparently had a different 
source material than most of the other Bremerton rocks, and that source has some 
similarities to ocean island source types. The high P205 concentration in the Group 2 
Bremerton plutonics probably implies a small degree of partial melting (Mullen, 1983) and 
a separate, more enriched source than that of most of the samples.
To summarize, the ternary diagram devised by Mullen points to the formation of these 
rocks in a MORB setting, an environment characterised by low f02. The Group 2 plutonics 
have the higher P205 content of ocean islands.
P205 vs. Ti02
On the P205 vs. Ti02 diagram (after Dietrich et al., 1983; Figure 6.5) the flows, dikes, 
and Group 1 Bremerton plutonics again plot as MORB. They show the Ti02 enrichment 
characteristic of rocks formed in a low f02 environment. Under conditions of high f02 
(arcs) Ti02 is taken up in the early fractionating titanomagnetite phase (Osborn, 1959; 
Mullen, 1983) and therefore is depleted in arc rocks.
The Group 2 Bremerton plutonics again plot separately, with much greater Ti and P 
content. The value of this diagram is that it shows a Ti02 enrichment trend from the Group 1 
plutonics and lower Crescent basalt to the upper Crescent, Port Townsend, and Bremerton
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basalts to the Bremerton mafic dikes. This trend is not apparent on Figure 6.4.
The Group 3 Bremerton plutonics plot as island arc tholeiites and outside the fields of the 
diagram. They form a group that is distinct from the Group 2 plutonics and from all of the 
volcanics.
Ti vs. Zr
On the Ti vs. Zr plot (after Alabaster et al., 1982; Figure VI) the Group 1 Bremerton 
plutonics, the Bremerton mafic dikes, and the volcanics are all very basic (as opposed to 
intermediate or acid), as are Group 2 Bremerton plutonic rocks. The Group 3 Bremerton 
plutonics are quite evolved, having much higher Zr relative to Ti.
The Group 1 Bremerton plutonics again plot tightly with the Bremerton dikes and 
volcanics of all areas, confirming their close genetic relationship. All but one dike and one 
Port Townsend basalt plot within the MORB field. However, the MORB field overlaps the arc 
and WPB fields. Sharing the arc and MORB fields are the Group 1 Bremerton plutonics, 1 
lower Crescent basalt, 1 upper Crescent basalt, and 2 Port Townsend basalt samples. The 
remainder plot as MORB/WPB.
The scatter of points from the arc field through MORB is not seen on the foregoing 
diagrams (Figures 6.4 and 6.5). This transitional chemistry, characteristic of back-arc 
basin basalts (BABB; Saunders and Tarney, 1979), is discussed in a foilowing section on 
marginal basin basalts.
Y/Nbvs. Zr/Nb
Figure 6.7 is a plot of Y/Nb vs. Zr/Nb (modified from le Roux et al., 1983, and Nye and 
Reid, 1986). This diagram was used to isolate the source material of the study rocks.
The plot suggests that most of the basalts of all regions and the Group 1 and Group 2 
Bremerton plutonics were derived from a mixed mantle source. The end-members appear to 
be a MORB-source type mantle with varying amounts of P-type (enriched) OIB type mantle 
material.
In contrast, the Group 3 Bremerton plutonics show a very different trend; they were 
apparently derived from a source highly enriched in incompatible elements, especially Zr 
(Figure 6.7). This could indicate an arc influence during formation of the rocks.
Zr/4,vs..2Nb.ys^
The ternary diagram of Meschede (1986; Figure 6.8) plots the immobile trace elements
Zr, Nb, and Y. It distinguishes N-type MORB, P-type (plume-influenced) MORB,
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within-plate tholeiites (WPT), and within-plate alkali basalts (WPA). It should be noted 
that N-type MORB includes back-arc basin basalts in this diagram.
Nb is useful for distinguishing the various types of MORB because, as Erlank and Kable 
(1976) pointed out, Nb is little affected by seawater alteration or fractional crystallization, 
and many authors (Langmuir et al., 1978; Pearce and Norry, 1979; le Roux et al., 1983) 
argue that the effect of partial melting cannot account for differences in the Zr/Nb and Y/Nb 
ratios seen in various MORB. Nb content is mainly controlled by source heterogeneity. 
Therefore, these ratios should be a useful measure of mantle-related depletion or enrichment 
processes (Meschede, 1986).
Alkalic rocks cannot be used on this diagram, so only one Group 2 Bremerton plutonic 
(Sample 35.2) is plotted. Samples must also have between 12% and 20% MgO + CaO, 
eliminating the Group 3 Bremerton plutonics and the later, Cascade-related, dacite dike 
(Sample 85).
About half of the volcanics plot as P-type MORB; the remainder scatter across the WPB, 
N-type MORB, and volcanic arc basalt (VAB) fields. The mafic dikes and Group 1 Bremerton
plutonics plot in the VAB/WPT field; the single Group 2 Bremerton plutonic plots as P-type
MORB.
The only unequivocal environment of eruption suggested by this diagram is that of a 
P-type MORB. Meschede used data from the Iceland mantle plume region (data from Tarney
et al., 1979; Wood, 1976) and from the Bouvet Triple Junction region (le Roux et al.,
1983) to delineate the P-type MORB field. The tight grouping of samples in and near the
P-type MORB field suggests an enriched mantle source had some part in the formation of
these basalts.
Nb vs. Ba
This discriminant diagram (Perfit et al., 1980; Figure 6.9) plots the 
large-ion-lithophile (LIL) element Ba against the high-field-strength (HFS) element Nb.
This diagram is useful for recognizing an arc signature. Island arc (and back-arc basin; 
Saunders and Tarney, 1984) basalt is enriched in LIL elements relative to HFS elements 
when compared to N-type MORB and intra-plate basalts (IPB). Nb and Ba were chosen 
because they are less mobile than other LIL and HFS elements.
Most of the volcanics plot as intra-plate basalts similar to Iceland or Hawaii (Figure 
6.9), as do most of the mafic dikes. Group 1 Bremerton plutonics plot in the arc field. Group 
2 plutonics plot only as N-type MORB, as they are the least enriched in LIL elements relative
to HFS elements. This suggests that most of these rocks formed as some kind of ocean islands;
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the Group 1 plutonics had some arc influence, perhaps due to generation in a back-arc basin. 
The Group 2 plutonics apparently had a separate source than most of the Bremerton rocks 
sampled.
Cr vs. Y
Cr is plotted against Y (after Pearce et al., 1984; Figure 6.10) to model the petrogenetic 
pathway of the Crescent Formation, Port Townsend, and Bremerton basalts. Cr and Y are 
probably not significantly affected by the processes that cause heterogeneities in the upper 
mantle source (Pearce et al., 1984). Therefore, these elements can be used to model partial 
melting and fractional crystallization variation (Alabaster et al., 1982).
Two fractional crystallization trends (from Pearce et al., 1984) are shown on Figure
6.10. The MORB fractional crystallization trend projects to a point at about 15% partial 
melting on the trends of Pearce et al. (1984). The trend of supra-subduction zone ophiolites 
(see Pearce et al., 1984) suggests about 30% partial melting of a convecting upper mantle 
source.
The samples in this study plot mostly between these fractional crystallization trends, 
implying a degree of partial melting of perhaps 20%. This is represented on Figure 6.10 by 
the arrow made of two lines. The volcanics of all three areas plot in the MORB field; the 
mafic dikes plot with the flows and also into the lAT field. The Group 1 Bremerton plutonics 
plot in the lAT field very close to the 30% partial melting trend. Group 2 and Group 3 of the 
Bremerton plutonics are extremely fractionated, having very little Cr, and also fit the 30% 
partial melting trend best. It is possible that the Cr content of these rocks has been reduced, 
as commonly occurs in rocks that have been chloritized (Condie et al., 1977). Chloritization 
is seen in these rocks (see Petrography section). A reduction in Cr content would shift data 
points vertically downward on the plot of Figure 6.10, resulting in anomalously high partial 
melting trends.
In general, the earliest erupted basalts (i.e., the lower Crescent basalts) plot nearest the 
fractional crystallization trend derived by 15% partial melting. Successively later 
eruptions and intrusions (the subaerial volcanics, mafic dikes. Group 1, Group 2, and Group 
3 Bremerton plutonics) plot correspondingly toward trends indicative of increased partial 
melting.
To summarize, careful analysis of the geochemical data suggests the following conclusions:
1) The Crescent Formation volcanics and those of the Port Townsend and Bremerton areas
generally plot closely together on discriminant diagrams, suggesting a common origin.
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"Another line of evidence for this conclusion is the consistent decrease in Mg# in successively 
later eruptives, which could be expected in a continuous volcanic sequence (Figure 6.11).
2) The Bremerton intrusive rocks generally share the above trends with the volcanics,
with successively later intrusives (i.e., mafic dikes - Group 1 plutonics - Group 3 
plutonics) being more chemically evolved. The Group 1 Bremerton plutonics and the mafic 
dikes commonly plot closely with the volcanics of all areas; this, and the fact that these 
plutonics are by far the most abundant in the field area, suggests that they are the magmatic 
source of the volcanics.
3) The Group 3 Bremerton plutonics appear to be differentiates of the Group 1 plutonics.
On Figure 6.9 these rocks share the Ti content of the Group 1 plutonics but contain much 
greater Zr, suggesting they are cogenetic but more evolved. This is also seen on Figure 6.10, 
where the Group 3 plutonics have much greater Y and little or no Cr compared to the Group 1 
plutonics.
4) The samples plot mostly as normal to enriched MORB, with chemistry that is
somewhat similar to that of volcanic arcs. This arc signature results from the enrichment of 
LIL elements (like Ba) relative to HFS elements (Zr, Y, Ti, Nb). Chemistry transitional 
from MORB to arc is characteristic of marginal basins (see marginal basins section).
5) The Group 2 Bremerton plutonics do not share this enrichment of LIL elements
relative to HFS elements. They are also markedly enriched in Ti and P relative to the other 
lithologies. This is characteristic of an enriched source not tapped by the other rocks. 
Cross-cutting relations (Figure 6.12) show that these rocks intrude the Group 1 rocks, but 
are intruded by the Group 3 plutonics. Since the Group 3 plutonics appear to be the late 
differentiates of the Group 1 rocks, this suggests that the separate, enriched source of the 
Group 2 plutonics was nearby and active during eruption of all the other lithologies.
Fractionation
To determine the depth of partial melting, compositions for the study rocks were plotted on a 
pseudoternary phase diagram (after Baker and Eggler, 1987). Compositions are projected 
from the plagioclase (Figure 6.13) and diopside (Figure 6.14) apices to the opposing face 
(the pseudoternary) of a tetrahedron whose remaining corners have the compositions of 
quartz + orthoclase and olivine.
On Figures 6.13 and 6.14 the solid arrows represent the fractionation trends determined 
at 8 kbar (anhydrous): the dashed line shows the fractionation trends determined at 1 atm 
(anhydrous): the dotted line represents fractionation at 5 kbar under hydrous (2% H20) 
conditions. 79
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When plotted on the basis of mole percent, most of the samples fall to one side of the 8 
kbar liquid line of melt saturation (LLMS), indicating the volcanics probably equilibrated 
and fractionated at relatively high pressures of about 5 to 7 kbar under anhydrous (or at 
least less than H20 saturation) conditions (Figures 6.13 and 6.14). This implies a much 
greater depth than would be expected for MORB.
The Group 3 plutonics show a very different pattern that is consistent with crystallization 
at about 5 kbar under hydrous (2% H20) conditions.
This translates to a magma chamber depth of about 26 km (Baker and Eggler, 1987). The 
data point coordinates are listed in Appendix 12.
The Crescent Formation, Port Townsend, and 
Bremerton Rocks as Marginal Basin Volcanics
The chemical variation and other compositional characteristics of the study rocks suggests 
they formed in a back-arc marginal basin. Following a general description of the tectonic 
settings of marginal basins, the chemistry of these rocks will be compared with that of 
marginal basin basalts.
Marginal basins are small ocean basins adjacent to the world's major oceans (Menard, 
1967). In this paper marginal basins are defined as being floored by oceanic crust. The 
classification of marginal basins given below is similar to that of Taylor and Karner (1983) 
and Saunders and Tarney (1984).
There are four main types of marginal basins. The first type, produced by extension 
behind an arc, is called a back-arc basin. Examples include the Marianna, East Scotia, Lau, 
Sea of Japan, and Shikoku back-arc basins.
A second type of marginal basin is produced by transform-style tectonics at zones of 
oblique plate convergence. Two examples are the Gulf of California and the Andaman Sea.
A third type of marginal basin is produced by seafloor spreading unrelated to plate 
convergence. The best example is the Woodlark Basin. The Solomon oceanic plate, trapped 
between the converging Pacific plate (the Ontong Java Plateau) and the Indo-Australian plate, 
is being subducted and rotated, opening the Woodlark Basin in a direction orthogonal to the 
convergence (Weissel et al., 1982).
The fourth type of marginal basin is formed by entrapment of older oceanic crust. An 
example is the Aleutian basin, which has been isolated behind the Aleutian island arc.
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Back-arc marginal basins commonly have oceanic crustal structure (Batiza, 1978;
Taylor and Karner, 1983; Sato and Tohara, 1985) although magnetic lineations in many 
marginal basins are less well developed (Uyeda and Kanamori, 1979) than in typical oceanic 
crust. At least some of the best preserved ophiolite complexes may have formed in back-arc 
marginal basins (Pearce et al., 1984).
The stratigraphy of the Bremerton rocks (i.e., their formation by extensional processes, 
see Stratigraphy section) and the geochemistry of all of the study rocks most closely 
resembles that of rocks generated in a back-arc (or intra-arc) basin. In the following 
discussion, the geochemical characteristics of the study rocks are compared to those typical 
of back-arc basins basalt (BABB).
Probably the most striking feature seen in BABB chemistry is the range in chemical 
composition from MORB to island arc tholeiite (lAT). This transitional chemistry is 
characterized by a range in LIL/HFS elemental ratios. Typical LIL elements include Sr, K,
Rb, Ba, and Th; HFS elements include Ta, Nb, Hf, Zr, Ti, and Y. In normal (N-type) MORB 
this ratio is the lowest; in arcs LIL elements are enriched relative to HFS elements. BABB 
have LIL/HFS ratios transitional from N-type MORB to lAT (Tarney et al., 1981; Saunders 
and Tarney, 1984).
Saunders and Tarney (1984) argue that with continued subduction, the ratio of LIL 
elements relative to HFS elements gradually increases. This could be caused by enrichment of 
the mantle wedge in LIL elements from the descending slab, or by repeated melt extraction of 
the HFS elements from the mantle wedge; either process would produce progressive 
enrichment in LIL elements relative to HFS elements (Saunders and Tarney, 1984).
LIL/HFS elemental ratios of the Crescent Formation, Port Townsend, and Bremerton rocks 
have a range similar to that of BABB. This is seen on diagram 6.9 (Nb vs. Ba), where the 
volcanics, Bremerton dikes, and Bremerton Group 1 plutonics scatter across the N-type 
MORB, ocean island, and lAT fields. This is also shown on Figure 6.15 where average trace 
element compositions of the study rocks are plotted on a spidergram normalized against 
N-type MORB.
The Group 2 Bremerton plutonics (and one mafic dike) plot in the depleted LIL field (i.e.,
N-type MORB) on Figure 6.9. This indicates a separate source for these rocks that was not
affected by the subduction-related enrichment seen in most of the samples.
Some LIL-enriched tholeiites are erupted not only in arcs and back-arc basins, but also as 
intraplate volcanics and on elevated ridge segments like Iceland and the Azores Platform; 
however, unlike BABB and arc basalts, these enriched (E-type) MORB are also enriched in
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the HFS element Nb (and Ta, which was not analyzed for this study). High Nb E-type MORB 
has been sampled In the Shikoku Basin (Marsh et al., 1980) and Lau Basin (Gill, 1976), but 
such basalts aren't commonly recovered in back-arc basins, perhaps due to inadequate 
sampling (Saunders and Tarney, 1984).
Like the Shikoku and Lau Basins, the Nb content of the study rocks is enriched relative to 
N-type MORB. This can be seen in the spidergram of Figure 6.15 and Table 6.4, which
contrasts Nb content of the study rocks with values for N-type MORB taken from the
literature. Nb content is somewhat higher in the study rocks than in most N-type MORB.
Another compositional characteristic of BABB is a Ti/Zr ratio greater than that of lAT but 
less than that of MORB (Taylor and Karner, 1983). This is clearly seen in the Ti vs. Zr 
diagram of Figure 6.6, where the volcanics of all areas, the Bremerton dikes, and the 
Bremerton Group 1 plutonics plot from the lAT field through the MORB field.
The Group 2 Bremerton plutonics are enriched in Ti relative to Zr, indicating a separate 
and much more primitive source for these rocks than for most of the other (BABB) samples.
The Group 3 Bremerton plutonics have Ti contents comparable to the volcanics, dikes, and 
Group 1 plutonics. They also have much higher Zr content. This suggests they are more 
evolved than, but cogenetic with, the back-arc-generated rocks. Such evolved rocks occur in 
ensialic basins (e.g., the 'rocas verdes' marginal basin ophiolite; Saunders et al., 1979; in 
Saunders and Tarney, 1984).
To summarize, all rocks except the Group 2 Bremerton plutonics (and the Cascade 
arc-related dike) show chemical patterns consistent with an origin as BABB on discriminant 
diagrams using relatively immobile trace elements. They show transitional LIL/HFS 
elemental ratios (Figure 6.9) and Ti/Zr ratios typical of BABB. The Group 2 Bremerton 
plutonics are depleted in LIL elements relative to HFS elements compared to rocks 
generated in a back-arc basin; they also have much higher Ti/Zr ratios. These observations 
suggest a separate source for the Group 2 plutonics that was not affected by the subducting 
slab.
84
10
FIGURE 6.15
Average trace element abundance of 23 basalt samples (5 lower Crescent, 6 upper 
Crescent, 6 Port Townsend, and 6 Bremerton basalts) normalized to N-type MORB. 
Normalizing values, from Bougault et al. (1978), are listed at the top of the diagram. For 
comparison, the trace element abundance for a sample from the East Scotia Sea back-arc 
basin (sample D20.35, dredge 20; data from Saunders and Tarney, 1984) is plotted as 
open circles.
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TABLE 6.4 - Nb content
LC UC PT BRF BRD G1BP
Nb range 5-25 6-18 6-13 11 -15 13-20 5-8
n 5 6 6 6 7 2
mean 13.4 13.7 10.5 12.5 14.3 6.5
OCEAN FLOOR BASALT mean = 5.0 {n = 144) (Pearce and Cann, 1973)
Nb value used by Tarney et al. (1981) for N-type MORB spidergram normalizing value =
2.5
LC = lower Crescent basalt: DC = upper Crescent basalt; PT = Port Townsend flows; BRF = 
Bremerton flows; BRD = Bremerton mafic dikes; G1 BP = Group 1 Bremerton plutonics; all 
values in ppm.
The Cascades Arc-related Dike
Unlike the lithologies discussed above, the dacite dike, Sample 85, plots exclusively in arc 
fields on the discriminant diagrams (Figures 6.5, 6.6, 6.7, and 6.10). The sample also plots 
away from trends established by the more MORB-like rocks. This is due to extremely low Ti 
(Figure 6.5 and 6.6), low P (Figure 6.5), high Zr relative to Nb (Figure 6.7), and the very 
tow Cr content characteristic of a high degree of partial melting (Figure 6.10).
Based on its chemistry and cross-cutting relations Sample 85 is certainly arc rock, 
probably a part of the Cascade arc extruded later, and from a different source, than the main 
Bremerton lithologies and the related Port Townsend and Crescent Formation basalts.
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DISCUSSION
The model proposed here for the generation of the Crescent Formation, Port Townsend, and 
Bremerton rocks is constrained by structures, age, stratigraphy, and geochemistry described 
in this work and in that of others. In the following interpretation each step in the evolution 
of these rocks is discussed; this is followed by a summary of their geologic history.
Pre-rift Setting
In the proposed model, the Crescent Formation basalts and associated peripheral basalts 
were generated in a back-arc or marginal basin above an active subduction zone. The setting 
just before rifting may have been like that sketched in Figure 7.1. The western edge of the 
North America plate, possibly composed of an arc built on accreted terranes, may have been 
the site of submarine sedimentation. This continentaiiy-derived submarine fan (the Blue 
Mountain unit of Tabor and Cady, 1978) floors, and interfingers with, the lower Crescent 
basalt (Cady, 1975; Einarsen, 1987).
Rifting
The Bremerton basalts and associated basalts of the Olympic Peninsula were erupted 
during a rifting event in the early Middle Eocene, probably within several hundred 
kilometers of their present location. This is indicated by a recent paieomagnetic study 
(Purdy, 1987), which indicates insignificant latitudinai translation of the basaits. The 
initiation of this rifting is shown in Figure 7.2.
Evidence for rifting is found in the mafic dike compiex near Bremerton (Stratigraphy 
section), which composes 100% of the rock on many outcrops. These dikes are 
stratigraphicaily between the ieucogabbro and basalt flows. The regional extent of outcrops 
measured from NW to SE (the dominant direction of extension; see Figure 4.5 and Plate 1) 
suggests extension of at least 4 km. If the Port Townsend and Crescent Formation basalts 
were generated in the same eruptive environment as the Bremerton rocks, an interpretation 
that is generally supported by the chemical and stratigraphic similarities demonstrated by 
this study, then the great volumes of lava erupted would indicate much greater rifting than 
the 4 km suggested above.
Radiometric age dates for the Bremerton rocks of about 55.4 Ma and 49.8 Ma (Age date
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✓FIGURE 7.1 Regional setting before rifting.
Arrows from Wells et al. (1984) give velocities (in 
km/my) for the Kula (K) and Farallon (F) plates 
relative to North America for the period 56 - 48 Ma.
The dotted line shows the present day coastline. The 
dashed line shows the possible location of the 
continentally-derived submarine fan (the Blue 
Mountain Unit of Tabor and Cady, 1978). The fine solid 
line outlines the present distribution of Coast Range 
Basalts. The heavy line shows the possible location of 
the trench in the Eocene.
FIGURE 7.2 The initiation of rifting. Marginal 
basin formation may have been initiated in the edge of 
the North America plate by oblique convergence. The 
detaching sliver may have moved to the north.
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section) provide a very good control on the time of formation of the basalts.
Paleomagnetic work by Beck and Engebretson (1982) and by Purdy (1987) indicate a 
barely significant clockwise rotation for the Bremerton rocks (16.1 degrees plus or minus 
15.9 degrees) and insignificant latitudinal translation (5.0 degrees plus or minus 7.3 
degrees) with respect to the 50 Ma North American reference pole (Purdy, 1987). This 
suggests that the Bremerton rocks were generated quite near their present position.
In Figures 7.2 and 7.3 the rifted fragment is shown moving northward. In the structure 
section it was argued that the extension responsibie for this rifting was directed NW-SE, 
based on the orientation of the majority of the Bremerton mafic dikes. However, plate 
reconstructions (Wells et al., 1984) indicate convergence between the oceanic plate and the 
North America plate was NE-SW (represented by the arrows on Figure 7.1). If convergence 
produced the rift, then motion of the rifted fragment must be a component of the direction of 
convergence. For this reason, the rifted fragment is sketched moving northward.
What Was Rifted
Rifting took place in the western edge of the North American plate as it overrode the 
subducting oceanic (Kula or Farallon) plate (Figures 7.2 and 7.3).
Two observations support this conclusion. First, the geochemical data presented in this 
study (Geochemistry section) indicate the basalt was generated in a back-arc or marginal 
basin. Second, the presence of a continentally-derived fan beneath and interbedded with 
submarine basalts of the Crescent Formation suggests proximity to the continent during their 
eruption.
The arc during the Eocene was the enigmatic "Challis arc", which was active from 55 Ma 
to about 43 Ma (Armstrong, 1978). In this case rifting may have occurred within the arc, 
since a portion of it is preserved in northeastern Washington (Wells et al., 1984), as well 
as in the North Cascades (Vance, 1988; Miller, 1988). It is also possible that rifting took 
place outboard of the arc but within the continental margin.
At this point in the discussion the question is naturally asked: Where is the rifted, 
outboard portion of the arc? There are at least two possibilities. One is that coastwise 
translation due to oblique convergence (Beck, 1986) has transported the missing arc 
fragment to the Gulf of Alaska, where it lies among or beneath other 'suspect terrenes' 
(described by Coney et al., 1980). A possible candidate among the terrenes of southwest
Alaska for this missing sliver is the Yakutat terrene, as suggested by Davis and Plafker
89
subaerial
FIGURE 7.3 Marginal basin formation. Extension along faults generated by oblique 
convergence severed the continental margin. The upper left figure shows the possible 
motion of the plate fragment (for clarity, the volcanics and dikes not shown). The figure at 
the upper right shows the dikes and volcanics generated by rifting. The lower figure is a 
cross section showing possible stratigraphic relations of the basalt submarine fan, lower 
submarine basalts, and upper subaerial basalts.
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OLYMPIC MOUNTAINS | FUC^ 1 VANCOUVER ISLAND
FIGURE 7.4 - modified from Clowes et al., 1987. This cross section is from a seismic 
study of the north Puget Sound. The section is drawn from Vancouver Island (at the right) 
south into the Olympic Peninsula. The heavily stippled area labeled "blueschist-facies 
mafic rocks?" may be the rifted portion of the North America plate, as discussed in the text.
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A second possibility is that the missing fragment is not missing at all, and that it is 
present between the core rocks of the Olympic Peninsula and the downgoing Juan de Fuca 
plate. In the seismic study of Vancouver Island (Clowes et al., 1987) a cross-section from 
the Olympic Mountains to Vancouver Island is presented in which approximately 10 km of 
"blueschist-facies mafic rocks?" (their punctuation) lie between the Juan de Fuca plate with 
its sedimentary cover and the overlying Olympic core rocks (Figure 7.4). It is possible that 
this intervening rock layer is the missing rift fragment rather than imbricated slices 
derived from the top of the subducting slab, the preferred explanation of Clowes et al.
(1987).
The presence of a continentally-derived submarine fan conformably beneath, and 
interbedded with, the Crescent Formation basalts (Cady, 1975; Einarsen, 1987) implies 
that basalt extrusion occurred very near a continental margin. It is difficult to imagine 
stationary generation of the basalts by a mid-ocean ridge and/or hotspot near the continental 
margin during about 5.5 million years of igneous activity (Age date section), particularly 
with relative plate motion velocities of 141 and 207 km/my (Wells et al., 1984; velocity 
arrows shown on Figure 7.1) between the Farallon and North American and Kula and North 
America plates respectively.
The alternative presented here is that rifting was due to oblique convergence and coastwise 
translation combined with back-arc (or intra-arc) basin or marginal basin development.
This combination seems necessary in light of work by Chase (1978), who pointed out that 
retreat of the overriding plate at a subduction zone appears to be an enabling factor for 
extension behind arcs. The North America plate advanced slowly in the hotspot reference 
frame throughout the Tertiary (Wells et al., 1984). Yet the Bremerton and associated 
basalts have chemistry similar to back-arc basin basalt (Geochemistry section). It seems 
reasonable that highly oblique convergence between the oceanic and continental plates 
initiated rifting that was followed by back-arc extension in the Pacific northwest. It is 
interesting to note that the relative velocity between the North America and Kula plates 
nearly doubled at 56 Ma (Wells et al., 1984), shortly before eruption of the Bremerton 
basalts (Age date section). It is possible that this velocity change was related to the initiation 
of back-arc rifting.
Back-arc or marginal basin formation in the North America plate eliminates the difficulty 
of basalt emplacement on a continental fan (the Blue Mountain unit) deposited on fast-moving
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(1986).
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oceanic cmst. It is possible that this fan was deposited on the submarine edge of North 
America. Basalt erupted by back-arc rifting (Figure 7.3) flowed westward onto the fan; 
continued submarine volcanism and sedimentation produced the interbedded basalt flows and 
■ fan deposits of the Crescent Formation. Eventually the accumulating basalt erupted
subaerially, capping the sequence with up to 6 km of columnar basalts (i.e., upper Crescent
basalt).
The Direction of Rifting
The rifted fragment moved to the north or northwest. Evidence for this is the predominant 
trend of mafic dike orientation seen in the Bremerton rocks (Figure 4.5). This trend is 
probably a reliable indicator of the direction of extension due to the lack of post-Crescent 
rotation, as suggested by paleomagnetic studies (Beck and Engebretson, 1982; Purdy, 
1987). Massey (1986) reported similar orientations for dikes in the Metchosin Igneous 
Complex of southern Vancouver Island, which also strike mostly north-northwest to 
northeast. However, these rocks may have undergone some counter-clockwise rotation 
(Symons, 1973) Motion of the plate fragment to the north is shown in Figures 7.2 and 7.3.
Basalt Generation
During the rifting event, basalt flows fed by the mafic dikes accumulated on the rifted 
fragment. The volcanic piles generated by rifting are shown on the lower portion of Figure 
7.3. In this figure the basalts are shown as having two main eruptive sources, with the 
southern volcanics overlapping the more northern basalts (Cady, 1975). This schematic 
diagram is intended to represent a later subaerial phase (the upper Crescent basalts) 
overlapping the earlier submarine basalts. Two eruptive source areas are not required in 
this model. However, this configuration would nicely account for the outcrop pattern seen in 
the Olympic Peninsula, where submarine basalts form the interior of the entire "horseshoe" 
while subaerial basalts occur only on its eastern and southern flanks (Figure 2.1).
Accretion
Following rifting and basalt generation, the volcanic pile and supporting plate fragment 
were thrust under the North America plate by northeast-directed convergence as shown in 
Figure 7.5. The main evidence of accretion is structural relationships seen on Vancouver 
Island where the Metchosin rocks, generally correlated with the Crescent Formation basalts,
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have been thrust under Vancouver Island along the Leech River fault (MacLeod et al., 1977; 
Clowes et al., 1987; Figure 7.4). The top portion of Figure 7.5 shows the direction of 
thrusting of the plate fragment; the lower portion shows the same movement with the basalts 
andtJikes included.
Structures recognized in the Bremerton rocks may have been generated by a 
northeast-directed compressional event during and/or following northwest extension 
(Figures 4.6 and 4.7). These structures may have formed by underthrusting along the Leech 
River fault. On Figure 7.5 motion to the northeast of the plate fragment and volcanics is 
accommodated by a right-slip fault with a splay that bounds the Bremerton rocks. It is 
proposed that the main fault represents the earliest motion on the Hood Canal Fault 
(Structure section); the eastern splay could be the strike slip fault mapped by Danes et al.
(1965; Figure 4.1). It seems likely that the newly created lithosphere composed of dikes 
would be a zone of weakness along which faulting could easily occur.
The cross section of Figure 7.5 shows the subduction of the leading edge of the plate 
fragment and volcanics under the continental margin at present day Vancouver Island.
Post-accretion Tectonics
Following accretion of the plate fragment and associated basaltic rocks, continued 
underthrusting of the oceanic plate injected marine sedimentary packets between the 
marginal basin volcanics and the supporting plate fragment, as shown in Figure 7.6.
In the map of Tabor and Cady (1978) sedimentary rocks that make up the core of the 
Olympic Peninsula are in thrust contact beneath the Blue Mountain Unit of the Crescent 
Formation. It is suggested that the horizon between the Blue Mountain Unit and the 
underlying plate fragment was a zone of weakness which accommodated the thrust 
emplacement of the core rocks. With the successive emplacement of each sedimentary packet, 
the Crescent Formation underwent greater uplift, eventually producing the vertical to 
overturned basalts and sediments seen today. Continued underthrusting thickened the 
sedimentary pile between the Crescent Formation and the plate fragment, so that the plate 
fragment came to occupy the position of the "blueschist-facies mafic rocks" of Figure 7.4.
The plate fragment is referred to as the ""missing" rifted fragment" on Figure 7.6.
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Bremerton rocks
FIGURE 7.5 Marginal basin formation ceased. The plate fragment, shown in the upper 
left without volcanics, moved to the northeast with the converging oceanic plate and was 
thrust under Vancouver Island. Much of this movement may have been accommodated along 
the Hood Canal fault (upper right diagram) and along a possible eastern splay of this fault 
(perhaps the right-slip fault of Danes et al., 1965; see Figure 4.1). The cross section 
from Vancouver Island to southern Washington (lower figure) shows these fault 
relationships.
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Leech River Fault
Crescent Bremerton
FIGURE 7.6 Present day setting. During continued convergence packets of marine 
sediments may have been thrust between the Crescent Formation rocks and the underlying 
plate fragment along the Hurricane Ridge Fault (upper left figure). The marine sediments 
compose the Olympic core rocks (shown in the lower figure). The figure at the upper right 
shows the present day location of Washington Coast Range Basalts and dikes.
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Conclusion
To summarize, oblique convergence initiated rifting in the thin western edge of the North 
America plate at about 56 Ma. Once begun, rifting continued by some kind of marginal basin 
formation. Extension related to movement of the plate fragment to the north or northwest 
allowed emplacement of mafic dikes along the rift in a generally northeast direction. The 
dikes fed lava flows with the chemistry of marginal basin basalts which accumulated on a 
continentally-derived submarine fan. The basalt accumulation eventually built to above sea 
level. Following motion to the north or northwest at about 55 to 50 Ma, the plate fragment 
and voicanics were moved to the northeast in the direction of convergence of the oceanic plate 
with the North America plate. The eastern margin of the moving fragment was a right-slip 
fault that was isolated in the newly-formed lithosphere composed of the mafic dikes and 
underlying plutonics of the region. The basalts and plate fragment were thrust beneath 
present day Vancouver Island along the Leech River Fault: continued underthrusting of the 
oceanic plate throughout the Tertiary emplaced the sedimentary rocks of the Olympic core 
between the marginal basin basalts and the plate fragment along the zone of weakness 
represented by the basal submarine fan of the Crescent Formation.
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APPENDIX 1
Location Maps for the Stratigraphic Sections
Appendix 1 shows where the stratigraphic sections of this study were measured and 
describes the format of the stratigraphic descriptions given in Appendices 2 through 7.
The location map shown on the foltowing page has the 7 1/2' and 15' U.S.G.S. quadrangles on 
which the stratigraphic sections were mapped. The shaded regions are the portions of the 
quadrangles used as location maps at the beginning of each of the following appendices.
Igneous units in the stratigraphic sections are labelled with a letter notation for the location 
of each unit (e.g., HRC = Hurricane Ridge crest) and assigned a number with 1 at the base of the 
section (HRC1; see Appendices 2 through 7). Sedimentary units are only briefly described.
Each igneous unit is described in the following manner: thickness, a descriptive name, texture, 
color on a fresh and weathered surface, phyric or aphyric, vesicularity, veining, flow and 
cooling structures, and any unique identifying features. In most cases the descriptive name 
adequately distinguishes the unit from other kinds of flows; the one exception is the designation 
"randomly fractured basalt", which is probably equivalent to columnar basalt flows with very 
poor development of columns.
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7) Bremerton section.
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APPENDIX 2
Hurricane Ridge Road Stratigraphic Section
This map is a segment of the Green Trails Mt. Angeles map showing part of Hurricane Ridge 
road. This map covers the shaded portion of the Port Angeles and Mt. Angeles 15' quadrangles 
labelled "2" on the Index Map of Appendix 1. The Hurricane Ridge road stratigraphic section of 
the following pages was measured along the heavy line on Hurricane Ridge road.
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HRR1
approximately 50 m of sheared and faulted coarse-grained basalt, 
olistostromes, basaltic sandstone and siltstone, and basaltic breccia.
15 m basaltic breccia; fine-grained, blue-black fresh weathering 
to red and green, aphyric, nonvesicular, no veins; fragments to 4 
or 5 cm; a little red limey siltstone in the matrix.
4
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6 m turbidites.
9 m olistostrome; coarse- and fine-grained basalt and diabase 
fragments with siltstone fragments; fragment size to 15 cm.
3 m turbidites.
12 m basaltic breccia; fine-grained, blue-black fresh weathering 
red and green, aphyric, somewhat vesicular; fragments to 15 cm; 
some red limey siltstone in matrix.
9 m turbidites.
15 m basaltic breccia; fine-grained, blue-black fresh weathering 
to red and green, aphyric, nonvesicular; fragments to 15 cm; some 
red limey siltstone in matrix.
5 m turbidites.
18 m basaltic breccia; fine-grained, blue-black fresh weathering 
red and green, aphyric, nonvesicular; fragments to 15 cm; some 
red limey siltstone in matrix.
BOTTOM OF STRATIGRAPHIC SECTION 
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200 m covered.
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18 m basaltic breccia; fine-grained, blue-black on a fresh 
surface weathering green and red, aphyric; fragments to 20 cm; 
contains a basaltic sandstone lense.
365 m covered.
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1
37 m exposed of basaltic breccia; fine-grained, brown-black on a 
fresh surface weathering to red and green, aphyric, nonvesicular; 
fragments to 5 cm.
HRR2
24 m pillow basalt flow; coarse-grained, blue-black on a fresh 
surface weathering to orange and green, aphyric; nonvesicular 
pillows reaching 2.2 m in size are extensively sheared.
21 m basaltic breccia; fine-grained, blue-black on a fresh 
surface weathering to red-brown, aphyric; fragments are 
nonvesicular; the entire unit is extensively sheared.
(continued from previous page)
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HRR3
27 m pillow breccia: coarse-grained, green-black on a fresh 
surface weathering to yellow-gray, aphyric; pillows are 
generally less than 1 m in size and slightly amygdaioidal with 
round amygdales less than 2 mm in size; multiple small shears 
cut the unit.
137 m basaltic siltstone, sandstone, and conglomerate: the 
conglomerate has clasts to 20 cm, a few of which are porphyritic 
basalt clasts with white phenocrysts of plagioclase to 5 mm in 
length: the entire unit is cut by multiple small shears.
245 m covered.
98 m turbidites.
213 m interbedded basaltic sandstone, siltstone, and olistostromes: 
the olistostromes contain fine-grained, nonvesicular basalt clasts, 
diabase fragments that are subrounded to subangular, and some 
siltstone clasts: the unit is very poorly exposed.
(continued from previous page)
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HRR7
22 m pillow basalt flow; fine-grained, black on a fresh surface 
weathering to blue-gray, aphyric; the pillows are nonvesicular 
and fractured in a distinctive breadcrust-like manner; the pillows 
reach 1.2 m in size.
approximately 20 m covered.
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HRR6
14 m pillow breccia: medium-grained, blue-black on a fresh 
surface weathering to light gray and yeltow, aphyric: the unit is 
slightly vesicular with vesicles less than 1 mm in size; the rock is 
extremely sheared and brecciated and contains a few small veins.
HRR5
17 m pillow breccia: fine-grained, green-black on a fresh surface 
weathering to a distinctive purple, aphyric; the unit is slightly 
amygdaloidal with amygdales less than 1 mm in diameter.
180 m covered.
HRR4
49 m basaltic breccia; clasts are of a wide variety of basalt 
including fine- to coarse-grained basalt, vesicular and 
nonvesicular basalt, and a few subrounded clasts of porphyritic 
basalt with phenocrysts of plagioclase to several mm in length; the 
unit is cut by a few small shears.
.6 m of sheared basaltic sandstone above 1.5 m sheared basaltic 
breccia.
(continued from previous page)
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6 m covered.
HRR9
91 m pillow basalt flow; coarse-grained, dark green-black on a 
fresh surface weathering blue and red with blue cores and red 
rims, aphyric; pillows are nonvesicular, distinctively colored, 
and have radial cooling joints on a broken surface; the pillows 
reach 1.3 m in long dimension.
1 m red limey siltstone above aim wide fault zone of serpentinite.
HRR8
at least 20 m massive basait flow(?); coarse-grained to diabasic 
in texture, the unit is blue-black or green-black both fresh and 
weathered and also weathers to orange, aphyric; the unit looks 
massive in general, exhibits pillow-like structure locally; the 
unit could also be a thick sill or flow interior as suggested by its 
coarse and massive nature.
(continued from previous page)
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covered.
HRR10
42 m of pillow basalt flow; coarse-grained, dark green-black on a 
fresh surface weathering to red and blue, aphyric; the pillows 
resemble those of unit HRR9 but are considerably larger, reaching
2.2 m; on a broken surface pillows have blue cores and red rims 
and radial cooling joints.
67 m pillow basalt flow; this is probably the upper portion of flow 
HRR9 described on the previous page; it differs in that a small 
amount of red limey siltstone is swirled into the matrix; 2 
parallel faults cut the unit.
(continued from previous page)
15 m covered.
HRR9
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Hurricane Ridge Crest Stratigraphic Section
This map is a segment of the Green Trails Mt. Angeles map showing part of Hurricane Ridge 
road and Hurricane Ridge crest. This map covers the shaded portion of the Port Angeles and Mt. 
Angeles 15' quadrangles labelled "3" on the Index Map of Appendix 1. The Hurricane Ridge crest 
stratigraphic section of the following pages was measured along the heavy line on the crest of 
Hurricane Ridge.
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HRC6
30 m basaltic breccia; fine- to medium-grained, black on a fresh 
surface weathering light gray, aphyric; vesicles to 1.5 mm are 
extremely abundant throughout and amygdales are common; this 
highly altered unit appears to have intruded a red limey siltstone, 
contains rip-up clasts, and overlies the siltstone, which is .5 m 
thick; basalt clasts are angular and range in size from sand to 
boulder; entire unit is almost half veins of zeolites.
HRC5
21 m pillow brecda; fine-grained, black on a fresh surface 
weathering to green, red, and black intermixed, phenocrysts of 
white plagioclase to .5 cm are present; amygdales are common, 
usually smaller than 2 mm; the unit also contains red limey 
siltstone rip-up clasts; basalt fragments range in size from sand 
to 5 cm.
HRC4
15 m pillow basalt; fine-grained, gray-black on a fresh surface 
weathering to greenish black with local red zones, aphyric; pillows 
to 1.2 m in size are amygdaloidal and enclosed by green and white 
palagonite(?); the entire unit is cut by zeolite veins.
HRC3
14 m basaltic breccia; fine-grained fragments, black on a fresh 
surface weathering to black, red-brown, and green, aphyric; round 
amygdales are abundant throughout; basalt fragments range in size 
from sand to cobble.
HRC2
3 m basaltic breccia; fine-grained fragments, black on a fresh 
surface weathering to black, red-brown, and green, aphyric; round 
amygdales are abundant throughout; basalt fragments range in size 
from sand to cobble.
----------  HRC1
6 m massive basalt flow; medium-grained, purple-black on a fresh 
surface weathering to red-brown and green, aphyric; the unit is 
massive with no column or entablature development; round and 
elongate amygdales are abundant throughout and range in size from 
less than 1 mm to 1.7 cm; criss-crossing veins are abundant.
sedimentary interbed of sandstone and siltstone crops out in the 
saddle south of Second Top.
BOTTOM OF STRATIGRAPHIC SECTION 
115
15 m covered.
HRC9
17 m massive basalt flow; medium- to coarse-grained, very dark 
gray on a fresh surface weathering to medium gray with red or 
yellow tint, aphyric; this ridge former has angular, random joints 
locally suggesting very poorly developed columns .45 m by 1 m in 
size, or pillows a little less than 1 m in diameter; the unit is 
nonvesicular and is cut by a few veins.
HRC8
30 m basaltic breccia; fine- to medium-grained, black on a fresh 
surface weathering to light gray, aphyric; amygdales are less than 
2 mm in diameter and are extremely abundant in the clasts, which 
range in size from sand to boulder; no rip-up clasts were seen.
2 m red limey siltstone.
HRC7
53 m pillow basalt; pillows are coarse in the center with chilled 
rims, dark gray on a fresh surface weathering to red surfaces on an 
otherwise black unit; pillows are aphyric, slightly brecciated, 
amygdaloidal with amygdales to .25 cm, and up to 1.5 m in their 
long dimension; the unit contains a few clasts of red limey siltstone; 
a massive horizon 3 m thick is found about 20 m above the base;
6 m above the base the pillows are brecciated.
m red limey siltstone.
(continued from previous page) 
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HRC12
43 m massive basalt flow with pillow base; medium-grained, 
grayish black on both fresh and weathered surfaces, aphyric; 
lowest 12 m is pillows up to 1.5 m in diameter with extremely 
abundant vesicles and amygdales up to .25 cm in size; above the 
pillows faintly columnar jointing grades rapidly into a randomly 
jointed massive portion that is less vesicular than the top or bottom 
of flow; amygdales and vesicles are extremely abundant in the top 
7 m.
14 m covered.
HRC11
15 m massive basalt flow; coarse-grained, greenish black on a 
fresh surface weathering to greenish gray, aphyric; nonvesicular 
throughout; the unit is massive and randomly jointed with joints 
more closely spaced higher in the flow; base and top of flow are 
not exposed.
30 m covered.
HRC10
30 m massive basalt flow; fine-grained, dark greenish black on a 
fresh surface weathering to black with orange surfaces, aphyric; 
this ridge former is nonvesicular and randomly jointed, locally 
giving the appearance of pillows.
(continued from previous page)
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HRC14
43 m basaltic breccia; coarse-grained, black on a fresh surface 
weathering to red-gray, aphyric; the unit consists of angular rock 
fragments of, in decreasing abundance, fine-grained basalt, 
coarse-grained basalt, diabase, and porphyritic basalt with 
phenocrysts of white plagioclase; the fragments are mostly 
nonvesicular and are clast supported and extremely poorly 
stratified: a few large calcite veins 5 to 10 m apart cut the unit; 
the veins are about 1 cm thick.
HRC13
84 m pillow basalt: fine- to medium-grained, dark gray or black 
on a fresh surface weathering to medium gray with orange and 
mauve tints and greenish gray where pillows have fallen away, 
aphyric: the unit consists entirely of pillows about 1 m in 
diameter; pillows are amygdaloidal with elongate amygdales up to
1.3 cm long; calcite veins about 1 cm thick and spaced 5 to 10 m 
apart cut the unit.
(continued from previous page)
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HRC16
91 m basaltic breccia: medium-grained, black on a fresh surface 
weathering to red-gray with greenish zones, phyric with 
subhedral, white plagioclase phenocrysts up to .6 cm in length 
abundant in some fragments: phyric fragments make up almost 50 
percent of the clast types in the bottom 15 m of the unit, but only 
about 5 percent in the top 76 m: the remainder are fine-grained 
and coarse-grained basalt fragments that are both vesicular and 
nonvesicular: only the phyric clasts are subrounded, the rest are 
subangular to angular: located near the base of the unit are two 
limey siltstone units each about 1 m thick: these siltstones are dun 
colored and appear undisturbed and conformably overlain.
HRC15
27 m pillow basalt: fine- to medium-grained, greenish black on a 
fresh surface weathering to red-black, aphyric: pillows are well- 
formed, closely packed, and mostly about 1 m in diameter: 
amygdales are common in the pillows, usually oval or elongate, and 
reach a size of .6 cm in longest dimension.
(continued from previous page)
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HRC18
183 m pillow breccia; very fine- to fine-grained, dark gray on a 
fresh surface weathering to orange-red and black, aphyric; 
amygdales, abundant everywhere, are smaller than 2 mm and are 
round; pillow fragments are from pillows mostly less than 1 m in 
diameter; concordantly between this unit and HRC19 (above) are a 
diabase sill 2 m thick and 2 basalt sills each about .5 m thick which 
are extremely fine-grained, black weathering to red, and 
nonvesicular.
168 m of interbedded siltstone, sandstone, shale, olistostromes, 
and minor pebble conglomerate.
HRC17
0 to 7.5 m of basaltic breccia; dark greenish gray with white 
plagioclase phenocrysts on a fresh surface weathering to light gray; 
the phenocrysts are generally less than 1 cm in length in a dark 
green, fine-grained groundmass; the fragments are 95 percent this 
phyric basalt and about 5 percent an aphanitic basalt; both basalts 
are nonvesicular; the unit lenses out in both directs within 12 m of 
the thickest portion, and this breccia is underlain conformably by 
siltstone 6 m thick that also lenses out quickly; these units appear 
to have been deposited in a broad channel during a period of 
quiescence.
(continued from previous page)
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HRC21
53 m thick olistostrome with subrounded to subangular clasts of, 
in decreasing abundance, coarse-grained diabase, basalt that is 
fine- to coarse-grained and both vesicular and nonvesicular, a few 
percent siltstone, and rare fragments of the porphyritic basalt 
described in unit HRC17.
HRC20
9 m of pillow breccia and basaltic breccia; medium-grained, very 
dark gray on a fresh surface weathering to reddish gray, aphyric; 
the unit is slightly amygdaloidal with amygdales to 2 mm in size; 
the lower half is pillow breccia and the upper portion is basaltic 
breccia of aphanitic and porphyritic basalt.
HRC19
4.5 m massive basalt flow above 1.5 m of diabase sill; the flow is 
fine-grained, black on a fresh surface weathering to reddish brown 
or black, aphyric; the unit is nonvesicular; jointing is random.
HRC18
(continued from previous page)
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HRC23
40 m of basaltic breccia; fragments are coarse-grained, gray on a 
fresh surface weathering to green-gray, phyric; phenocrysts are 
white plagioclase laths to .8 cm in length in a dark green 
groundmass; the unit is nonvesicular; 27 m above the base a 
diabase dike 6 m thick intrudes the breccia.
6 m thick diabase sill intrudes between units HRC23 and HRC22.
HRC22
20 m olistostrome; consists of subrounded to subangular clasts of 
vesicular and nonvesicular basalt, diabase, siltstone, sandstone, 
and porphyritic basalt in a sandy, silty matrix.
0 to 6 m thick diabase sill intrudes between units HRC22 and 
HRC21; it lenses out in about 10 m.
(continued from previous page)
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APPENDIX 4
Marmot Pass Stratigraphic Section
This map is the shaded segment of the Tyler Peak 15' quadrangle labelled "4" on the Index 
Map of Appendix 1. The Marmot Pass stratigraphic section of the following pages was measured 
along the heavy line from Marmot Pass to Buckhorn Mountain.
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76 m of sedimentary rocks consisting of basaltic sandstone, 
siitstone, shale, and some turbidites.
12 m covered.
MP2
34 m of pillows and pillow breccia; fine- to medium-grained, dark 
green on a fresh surface weathering to light green with orange 
surfaces, aphyric; amygdales are abundant throughout, often filled 
with calcite, and reach a size of 6 mm; pillows grade gradually into 
pillow breccia upward; small veins .5 cm thick cut the unit.
MP1
37 m of pillows and pillow breccia; fine- to medium-grained, dark 
green on a fresh surface weathering to light green, aphyric; round 
amygdales are abundant throughout and are smaller than 2 mm; 
pillows reach a size of .6 m and occur in the lower 24 m; the top 
13 m is pillow breccia; a few small zeolite-filled veins cut the 
unit.
BOTTOM OF STRATIGRAPHIC SECTION
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MP4
23 m pillow breccia; medium-grained, dark green on a fresh 
surface weathering to orange, aphyric; round amygdales are 
abundant throughout and reach a size of 3 or 4 mm; small veins 
cut the unit.
9 m basaltic sandstone.
4 m siitstone.
several m wide gouge zone.
MP3
75 m of very poorly exposed pillow breccia; fine- to medium- 
grained, dark green on a fresh surface weathering to orange-green, 
aphyric; amygdaloidal throughout with amygdales to 3 mm in size; 
a few small veins cut the unit; the lowest 3 m of the unit consists of 
rounded to angular basalt fragments in a matrix of gray limestone; 
the base of the unit may be a fault.
(continued from previous page)
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MP6
69 m pillow basalt; fine-grained, dark brown on a fresh surface 
weathering to red and orange, aphyric; the unit has irregularly 
shaped amygdales throughout that reach a size of 1 cm and become 
extremely abundant at the base of the unit where the rock is 
similar to scoria, some filling is calcite; pillows reach a size of 
1 m; a few small veins are present: identifying features of this unit 
are its extreme vesicularity, orange weathering, and the abundance 
of black lichen that preferentially cover this rock.
11 m basaltic sandstone and siltstone.
MP5
53 m pillows and pillow breccia; fine- to medium-grained, gray on 
a fresh surface weathering to orange-gray, aphyric; the unit is 
very slightly amygdaloidal throughout with amygdales generally 
less than 1 mm in size; pillows to 1 m are interspersed with pillow 
fragments; this unit may be identified by the scarcity of amygdales,
(continued from previous page)
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APPENDIX 5
Mount Walker Stratigraphic Section
This map is the shaded segment of the Mt. Walker 71/2’ quadrangle labelled "5" on the Index 
Map of Appendix 1. The Mt. Walker stratigraphic section of the following pages was measured 
along the roadcut of the logging road marked by the heavy line.
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27 m covered.
MW3
146 m of randomly fractured basalt; fine-grained, purple-black 
on a fresh surface weathering to light gray or orange-gray, 
aphyric; round amygdales to several mm in size at the base increase 
in size and abundance toward the top, forming a red horizon to 2 m 
thick with amygdales to at least 3 cm; random fractures with 
suggestions of columns in lower half of flow.
38 m exposed of randomly fractured basalt; fine-grained, purple- 
black on a fresh surface weathering to light gray, aphyric; round 
amygdales to several mm at base increase in size and abundance 
toward the top, forming a red scoriaceous zone in the top meter 
with amygdales to at least 3 cm; randomly oriented cooling joints 
become more closely spaced higher in the flow, with blocks to 2 m 
at the base and to .3 m near the top.
50 m exposed of randomly fractured basalt; fine-grained, purple- 
black on a fresh surface weathering to light gray or orange-gray, 
aphyric; round amygdales to several mm at the base increase in size 
and abundance toward the top, forming a red horizon to 2 m thick 
with amygdales to at least 3 cm; random fractures become more 
closely spaced toward the flow top.
BOTTOM OF STRATIGFIAPHIC SECTION
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MW4
46 m randomly fractured basalt: fine-grained, purple-black on a 
fresh surface weathering to light gray and light orange, aphyric; 
round amygdales to several cm in size are abundant throughout; 
flow is faintly columnar with suggestions of horizontal jointing, 
tends to weather spherokJally.
MW3
18 m exposed of randomly fractured basalt flow top; scoriaceous 
flow top with amygdaies to 2 cm, amygdale size decreasing 
downward.
15 m covered.
MW3
15 m exposed of randomly fractured basalt; extremely amygdaloidal 
throughlout.
6 m covered.
MW3
34 m exposed of randomly fractured basalt; extremely amygdaloidal 
throughout; all flow portions named MW3 may be portions of the 
same flow or of several flows.
(continued from previous page)
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MW8
40 m randomly fractured basalt: medium-grained, blue-black on 
a fresh surface weathering pinkish orange and light gray, aphyric; 
very sparsely amygdaloidal except in the top 6 m which is 
extremely amygdaloidal with irregularly shaped amygdales to 
several cm; top 5 m is red-weathering brecciated fiow top with 
fragments to 25 cm in a fine red basalt matrix; jointing is random 
but with a suggestion of horizontal fractures forming extremely 
irro/^Miar columns from several cm to 2 m.
18 m randomly fractured basalt: fine-grained, dark purple fresh 
weathering to pinkish gray, aphyric; amygdaloidal throughout with 
round amygdales 2 mm in size at base increasing in size and 
abundance upward: top 2 m is red rubbly flow top with amygdales 
to several cm in size; base of flow is not exposed.
50 m covered.
32 m of poorly columnar basalt; very fine-grained, purple-black 
on a fresh surface weathering to reddish brown, aphyric: round 
amygdales increase in size and abundance upward in the flow and 
are concentrated in a purple rubbly flow top 2 m thick; irregular 
columns range from .5 m to 1 m in length and width.
MW5
15 m of poorly columnar basalt; fine-grained, blue-black on a 
fresh surface weathering to light gray, aphyric: round amygdales 
increase in size and abundance upward in the flow and are concen­
trated in a red rubbly flow top 2 m thick; irregular columns range 
in size from 1 to 2 m and are very poorly developed.
MW7
MW6
(continued from previous page)
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MW11
37 m of randomly fractured basalt; fine-grained, blue-black on a 
fresh surface weathering to light gray with a pink tint, aphyric; 
nonvesicular except in the top 2 m where irregularly shaped 
amygdales to 5 mm are abundant: horizontal shears are 
characteristic of this flow and often contain veins with zeolites.
MW10
50 m of randomly fractured basalt; fine-grained, blue-black on a 
fresh surface weathering to light gray with a pink tint, aphyric; 
scattered amygdales throughout are radially accicular with a shiny 
black filling, top 2 m is an extremely amygdaloidal zone with 
amygdales to 5 mm, no red ftow top; horizontally sheared with 
veins of zeolites in the shears.
MW9
46 m of poorly columnar basalt; medium-grained, blue-black on a 
fresh surface weathering to pinkish orange and light gray, aphyric; 
generally nonvesicular except for the top 6 m, which is 
extremely amygdaloidal with amygdales to several cm of irregular 
shape: top 5 m is red-weathering brecciated flow top with 
fragments to 25 cm in a fine red basalt matrix; slightly better 
developed columns than in flow MW8.
MW8
flow top of flow MW8 - description on previous page.
(continued from previous page)
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MW15
15 m of poorly columnar basalt; medium-grained, blue-black on a 
fresh surface weathering to tan-gray, aphyric; round amygdales 2 
mm in size increase in size and abundance upward to irregularly 
shaped amygdales of 2 cm in size; top 2 m is red-weathering scoria.
MW16
9 m exposed of poorly columnar basalt; medium-grained, blue-
black on a fresh surface weathering to tan-gray, aphyric; round
amygdales 2 mm in size increase in size and abundance upward to
\^^irregularly shaped amygdales to 2 cm in size; top of flow covered.
MW14
72 m of very poorly columnar basalt; fine-grained, purple-black 
or blue-black weathering to light gray with a pink tint, aphyric; 
amygdaloidal throughout and increasing upward to an extremely 
amygdaloidal red zone 3 m thick at the top; poorly developed 
columns to several m in size are defined by horizontal joints.
MW13
14 m randomly fractured basalt; fine-grained, blue-black on 
a fresh surface weathering to reddish gray, aphyric; nonvesicular 
except in the top 2 m, which is extremely amygdaloidal with 
amygdales to several cm in a red-weathering horizon; outcrops of 
this flow suggest poorly developed, small columns to .5 m in size.
MW12
28 m of randomly fractured basalt; medium-grained, purple-black 
on a fresh surface weathering to bluish gray, aphyric; oval shaped 
amygdales 1 to 2 cm in long dimension are abundant throughout and 
are concentrated in two horizons within the flow; at the top 2 m of 
the flow amygdales form a red scoriaceous zone; jointing is random.
(continued from previous page)
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MW20
34 m of poorly columnar basalt; fine-grained, black on a fresh 
surface weathering to orange-gray, aphyric; amygdaloidal 
throughout with round amygdales 2 mm in diameter at the base 
increasing in size, abundance, and irregularity of shape upward; 
top 3 m is an extremely amygdaloidal red horizon; basalt is jointed 
parallel to bedding, defining poorly developed columns from 1 to
2.5 m in height and width.
poorly columnar basalt; fine-grained, biack on a fresh 
sunace weathering to orange-gray, aphyric; amygdaioidal 
throughout with round amygdales 2 mm in diameter at the base of 
the fiow increasing in size, abundance, and irregularity upward; 
top 3 m is an extremely amygdaloidal red horizon; basalt is jointed 
parallel to bedding, defining pooriy developed columns from 1 to 3 
m in height and width.
27 m of poorly columnar basalt; fine-grained, black on a fresh 
surface weathering to orange-gray or light gray, aphyric; 
amygdaloidal throughout with rouind amygdales 2 mm in diameter 
at the base increasing in size, abundance, and irreguiarity of shape 
upward; basalt is jointed paraliel to bedding, defining poorly 
developed columns from 1 to 2.5 m in height and width.
40 m of poorly columnar basalt; medium-grained, purple-black on 
a fresh surface weathering to orange or purple, aphyric; extremely 
amygdaloidal throughout with round amygdaies 2 mm in diameter at 
the base increasing in size, abundance, and irregularity of shape 
upward, amygdaies also occur densely in several horizons within 
the flow and in the top 3 m where the flow top weathers extremely 
red; horizontal jointing defines poorly developed columns ranging 
in size from 1 to 3 m.
MW19
MW18
MW17
(continued from previous page)
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20 m of poorly columnar basalt flow; fine-grained, black on a 
fresh surface weathering to pink or tan-gray, aphyric; round 
amygdales are 3 mm in size at the base and increase in abundance, 
size and irregularity of shape upward forming a 2 m thick red zone 
at the top; horizontal joints define poorly developed columns .5 m 
wide and 1 m tall at the base that become progressively smaller 
upward in the flow.
79 m covered.
MW24
poorly columnar basalt flow, top 3 m exposed; fine-grained, black 
weathering to dark gray and a red-weathering flow top; amygdales 
to 3 cm.
18 m covered.
MW23
26 m exposed of poorly columnar basalt; fine-grained, black on a 
fresh surface weathering to dark gray, pinkish gray, and orange, 
aphyric; much less vesicular than most flows except in the higher 
portion of the flow; top is not exposed.
MW22
34 m of poorly columnar basalt; medium-grained, black on a fresh 
surface weathering to orange-gray, aphyric; amygdales increase in 
size, abundance, and irregularity of shape upward in the flow; 
poorly developed columns are defined by horizontal joints.
MW21
29 m of poorly columnar basalt; coarse-grained, blue-black on a 
fresh surface weathering to orange-gray, aphyric; amygdales 
increase in size, abundance, and irregularity of shape upward; 
poorly developed columns defined by horizontal joints range in size 
from .2 m by 1 m to 1 m by 2 m.
(continued from previous page)
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MW30
33 m of poorly columnar basalt: fine-grained, purple-black on a 
fresh surface weathering to orange-gray, aphyric; amygdales are 
irregularly shaped throughout, increasing from 2 to 3 mm in size 
low in the flow to several cm near the top, also becoming more 
abundant upward in the flow; a red horizon of extremely abundant 
amygdales occurs in the middle of the flow; the top of the flow is a 
3 m thick red scoriaceous zone; horizontal jointing is less apparent 
than in bracketing flows, and columns are less developed.
poorly columnar basalt; fine-grained, green-black on a 
rface weathering to bluish gray, aphyric: oval amygdales 
in size, abundance, and irregularity of shape upward; 
columns are poorly developed and smaller than in most flows, 
ranging in size up to 10 cm wide by .6 m high; top 2 m is a red, 
rubbly, scoriaceous zone.
4 m exposed of poorly columnar basalt flow top; fine-grained, 
bluish gray-black on a fresh surface weathering to light gray, 
aphyric; oval amygdales 2 mm in size at the base of the flow 
increase in abundance, size, and irregularity upward to several cm 
in size: top 2 m is an amygdatoidal red zone.
250 m covered.
poorly columnar basalt; fine-grained, black on a fresh 
surface weathering to pink or tan-gray, aphyric; amygdales 
increase in size, abundance, and irregularity upward; poorly 
developed columns defined by horizontal joints reach a maximum 
size of .5 m by 1 m near the base of the flow and grow 
r>rn/-,rae<;jveiy Smaller upward in the flow as spacing between
al joints decreases; top 3 m is a red scoriaceous zone.
poorly columnar basalt; fine-grained, black on a fresh 
weathering to pink or tan-gray, aphyric: amygdales 
increase in size, abundance, and irregularity of shape upward; 
poorly developed columns defined by horizontal joints reach a 
maximum size of .5 m by 1 m near the base and grow smaller 
upward in the flow.
(continued from previous page)
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MW29
MW28
MW27
MW26
MW32
40 m of poorly columnar basalt; fine-grained, bluish black on a 
fresh surface weathering to light orange-gray, aphyric; round 
amygdales are 2 mm in diameter near the base of the flow and 
Increase in abundance, size, and irregularity upward, forming a 
red scoriaceous zone at the top 3 m; poorly developed columns are 
defined by horizontal joints spaced randomly.
3 m covered.
MW31
85 m of poorly columnar basalt: medium-grained, purple-black on 
a fresh surface weathering to light gray or orange, aphyric: small 
amygdales at the base of the flow increase in abundance, size, and 
irregularity of shape upward in the flow and are concentrated in a 
red-weathering zone .5 m thick located 8 m below the flow top: the 
flow top is 3 m thick of red, scoriaceous, rubbly flow top: poorly 
developed columns range in size from a few cm to 2 m in height, 
increasing in height and width upward in the flow until just below 
the flow top.
(continued from previous page)
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MW34
top 3 m exposed of poorly columnar basalt flow; fine-grained, 
purple-black on a fresh surface weathering to light tan, aphyric; 
extremely amygdaloidal with very irregularly shaped amygdales to 
4 cm in size; top 2 m is red scoriaceous zone.
6 m covered.
MW33
26 m of poorly columnar basalt; fine- to medium-grained, green- 
black on a fresh surface weathering to orange-gray, aphyric; 
moderately amygdaloidal in lower portion of flow, increasingly 
amygdaloidal toward the top with irregularly shaped amygdales to 
3 cm in red scoriaceous zone making up the top 3 m; columns are of 
relatively uniform size, generally .6 m by .6 m; horizontal 
jointing is less continuous than in bracketing flows.
(continued from previous page)
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APPENDIX 6
Port Townsend Stratigraphic Section
This map is the shaded segment of the Port Townsend South and Center 7 1/2' quadrangles on
the Index Map of Appendix 1. The Port Townsend stratigraphic section was measured along the
heavy line along State Highway 20.
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PT3
44 m of randomly fractured basalt; medium-grained, dark
greenish black on a fresh surface weathering to orange-black,
aphyric; nonvesicular; joints are very randomly oriented so that
most fragments are less than 40 cm in longest dimension; the flow
weathers spheroidally.
PT2
15 m of randomly fractured basalt; very fine-grained, black on a 
fresh surface weathering to light gray or yellow-gray, aphyric; 
irregularly shaped amygdales up to 3 cm in size are common 
throughout; jointing is random and is often suggestive of poorly 
formed, randomly oriented columns up to .3 m by .6 m in size; this 
may be the top of flow PT1 or of another flow.
37 m covered.
35 m of randomly fractured basalt; very fine-grained, black on a 
fresh surface weathering to light gray or yellow-gray, aphyric; 
irregularly shaped amygdales up to 1 cm in size are common 
throughout; randomly oriented joints are suggestive of poorly 
formed columns up to .3 m by .6 m in size; may be the base of flow 
PT2 or another flow.
BOTTOM OF STFtATIGRAPHIC SECTION
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PT8
several hundred meters of basaltic cobble conglomerate probably 
conformable above the uppermost exposed basalt flow in the section.
low breccia; fine-grained, black on a fresh surface 
ing to orange-black, aphyric; round amygdales are 
abundant throughout and generally less than 1 cm in diameter; the 
fiow is a highiy weathered piiiow breccia with fragments to 50 cm 
but commonly smaller.
poorly columnar basalt; fine-grained, black on a fresh
weathering to light gray or green-gray, aphyric; amygdaies 
are very sparse; poorly shaped columns range in size from .3 m by 
.6 m to 1.2 m by 2.5 m at the base and become gradualiy smaiier 
upward in the flow, where they merge into a hackly entablature 10 
to 15 m thick with fragments commonly less than 30 cm in size.
poorly columnar basalt; fine-grained, purpie-black on a 
irface weathering to yellow-gray, aphyric; amygdales are 
fairly abundant throughout, irregularly shaped, and generally less 
than .5 cm in iongest dimension; the lowest 6 m is poorly developed 
columns up to .3 m by .6 m that rapidly grade into a hackiy 
entablature comprising the rest of the unit.
PT4
35 m of poorly columnar basalt; fine-grained, purple-black on a 
fresh surface weathering to yeilow-gray, aphyric; amygdales are 
fairly abundant throughout, irregularly shaped, and generally less 
than .5 cm in longest dimension; the lowest 6 m is poorly developed 
columns up to .3 m by .6 m that rapidly grade into a hackiy 
entabiature comprising the rest of the unit.
6 m covered.
PT7
PT6
PT5
(continued from previous page)
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Bremerton Stratigraphic Section
This map is the shaded segment of the Wildcat Lake 7 1/2' quadrangle labelled "7" on the 
Index Map of Appendix 1. The Bremerton stratigraphic section of the following pages was 
measured in the Union River canyon along a gravel road marked by the heavy line.
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B6
7 m massive basalt flow; fine-grained, green-black on a fresh 
surface weathering to light gray, aphyric; amygdales are less 
abundant than in most flows in this section and increase in size and 
abundance upward to a size of 1.5 cm; the flow is generally massive 
with small joints; the top is not exposed.
6 m covered.
B5
4 m poorly columnar basalt exposed; fine-grained, black on a fresh 
surface weathering to light gray, aphyric; amygdales increase in 
size and abundance upward; columns are poorly developed and range 
up to .6 m by 1 m; the top of the flow is not exposed.
-------  B4
6 m massive basalt flow; medium-grained, black on a fresh surface 
weathering to reddish black, aphyric; amygdales are extremely 
abundant and increase in size and abundance upward; this massive 
flow weathers into a rounded smooth surface.
9 m covered.
B3
12 m massive basalt flow; medium-grained, black on a fresh 
surface weathering to red-black, aphyric; amygdales are extremely 
abundant and increase in size and abundance upward in the flow, 
often forming bands and clots; the flow is very poorly exposed, and 
locally shows suggestions of columns.
15 m covered.
B2
11 m poorly columnar basalt; fine-grained, black on a fresh 
surface weathering to light gray, aphyric; amygdales are abundant 
and increase in size and abundance upward, often forming clots and 
bands of amygdales, with amygdales to 4 cm in size; very poorly 
developed columns grade into hackly entablature topped by a red 
rubbly flow top 1 m thick.
siltstone interbed up to 10 cm thick; the siltstone is lime green and 
contains rounded basalt clasts up to .4 cm in diameter; its upper 
surface is baked and is red-brown in places; it is fairly well 
stratified.
R1
6m of poorly columnar basalt; fine-grained, black on a fresh 
surface weathering to light grayish red, aphyric; amygdales are 
abundant and increase in size and abundance upward, reaching a size 
of 7 cm in the highest portion of the flow; poorly developed columns 
up to 30 cm by 1 m grade into a hackly entablature; the top 4.5 m 
is an extremely amygdaloidal red flow top that weathers like grus 
to an orange-brown.
BOTTOM OF STFIATIGFIAPHIC SECTION
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B12
7 m poorly columnar basalt exposed; medium-grained, green-black 
on a fresh surface weathering to grayish tan, aphyric; amygdales 
increase in size and abundance upward and form horizontal bands 
and clots: columns are irregularly shaped and range up to 1.5 m by
1.5 m; top of the flow is not exposed.
B11
18 m poorly columnar basalt; fine-grained, green-black on a fresh 
surface weathering to grayish tan or dark gray, aphyric; amygdales 
increase in size and abundance upward; irregular columns to 1.5 m 
by 1.5 m compose the bottom 15 m and grade upward into a hackly 
entablature 2 m thick; the top meter is red rubbly flow top.
BIO
6 m poorly columnar basalt; fine-grained, green-black on a fresh 
sufrace weathering to grayish tan or dark gray, aphyric; amygdales 
increase in size and abundance upward; irregular columns to 1.5 m 
by 1.5 m compose the bottom 3 m and grade upward into a hackly 
entablature 2 m thick; the top meter is red rubbly flow top.
B9
8 m poorly columnar basalt; fine-grained, green-black on a fresh 
surface weathering to grayish tan, aphyric; amygdales increase in 
size and abundance upward and range up to 1.7 cm in diameter but 
are commonly smaller; poorly developed columns to 1.5 m by 1.5
m compose the bottom 5 m of the flow and grade upward into a 
hackly entablature 2 m thick; the top 1 m is red rubbly flow top.
B8
7 m poorly columnar basalt; fine-grained, green-black on a fresh 
surface weathering to grayish tan, aphyric; amygdales increase in 
size and abundance upward; columns are a little better developed 
and smaller than most flows in this section, ranging up to 30 cm by 
60 cm, and are very sharp-edged and angular in outcrop; columns 
grade upward into a 1.5 m hackly entablature topped by a 1 m thick 
red rubbly flow top which is marked by a brilliant red zone in the 
top 10 cm.
B7
9 m poorly columnar basalt; fine-grained, green-black on a fresh 
surface weathering to light gray, aphyric; amygdales increase in 
size and abundance upward; poorly developed columns range up to 
.6 m by 1.3 m in size and grade into a hackly entablature 2 m thick; 
the top 1 m is red rubbly flow top.
(continued from previous page)
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B18
7 m massive basalt flow; fine-grained, green-black on a fresh 
surface weathering to gray or red-brown, aphyric; amygdaies 
several mm in size at the base increase in abundance and size 
upward where they become oval and up to 1.3 cm in longest 
dimension: entire flow is massive with only suggestions of 
irregular columns.
>sive basalt flow; fine-grained, green-black on a fresh
weathering to gray or red-brown, aphyric: amygdaies
size from .1 cm to 1 cm at the base and up to 4 cm at the
form bands or clots; entire flow is massive with only
ions of irregular columns.
B16
o III ljuurly columnar basalt; fine-grained, black on a fresh surface
weathering to dark blue-gray, aphyric: amygdaies form irregular
patches, increasing in abundance and size upward to 5 cm in size;
poorly developed columns range in size from 8 cm by 30 cm to 15
cm bv 50 cm and grade into a hackly entablature: the top 1.5 m is a
)ly flow top.
B15
8 m poorly columnar basalt: fine-grained, black on a fresh surface 
weathering to dark blue-gray, aphyric; amygdaies are irregularly 
shaped and increase in size and abundance upward to a size of at 
east 2.1 cm; poorly developed columns to about 1 m in size grade 
nto a hackly entablature 1.5 m thick; the top .6 m is red rubbly 
flow top.
3 m poorly columnar basalt; fine-grained, black on a fresh surface 
Areathering to dark blue-gray, aphyric; amygdaies increase in size 
and abundance upward: columns are small, ranging in size from 8 
:m by 15 cm to 15 cm by 60 cm, and are somewhat jagged and 
hackly in appearance: columns grade into a hackly entablature 1.5 
m thick topped by a red rubbly flow top .6 m thick.
6 m poorly columnar basalt; fine-grained, black on a fresh surface 
weathering dark blue-gray, aphyric; amygdaies increase in size 
and abundance upward and are generally 1.5 to 2 cm in size but 
range up 4 cm; very poorly devetoped and irregular columns range 
in size from 30 cm by 60 cm to 60 cm by 125 cm; the top 1.5 m 
is red rubbly flow top.
(continued from previous page) 
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B17
4.5 m covered.
B14
B13
B24
8 m poorly columnar basalt; fine-grained, dark greenish black on a 
fresh surface weathering to yellow-tan, aphyric; round amygdales 
increase in size and abundance upward to a size of 2.5 cm, and also 
form horizontal bands and clots; columns are poorly developed, .3 
m by 1 m in size, and grade upward into hackly entablature; top is 
not exposed.
B23
4 m poorly columnar basalt; fine-grained, dark greenish black on a 
fresh surface weathering to yellow-tan, aphyric; irregular 
amygdales increase in size and abundance upward to a size of 2.4 
cm; columns are very poorly developed and grade into a massive 
entablature; top is extremely amygdaloidal red rubbly flow top.
B22
12 m poorly columnar basalt; fine-grained, dark gray-black, it 
weathers to dark gray or red-brown, aphyric; amygdales increase 
in size and abundance upward and form bands or clots; columns are 
poorly developed and range from 15 cm by 30 cm to 45 cm by 120 
cm; columns grade up into horizontally jointed entablature, the top 
3 m of which is red rubbly flow top.
B21
6 m poorly columnar basalt; fine-grained, dark green-black, it 
weathers to dark gray, aphyric; amygdales increase in size and 
abundance upward to 2.5 cm in size, and form bands and clots; 
poorly developed columns dominate the outcrop, grading into a 
narrow entablature topped by a red rubbly flow top 1.5 m thick.
B20
12 m poorly columnar basalt; fine-grained, black on a fresh 
surface, it weathers to dark gray or red-brown, aphyric; 
amygdales increase in size and abundance upward; very poorly 
developed columns grade into hackiy entablature topped by a 1 m 
thick red rubbly flow top.
B19
2.5 m of top and 2.5 m of base of poorly columnar basalt exposed, 
middle covered; fine-grained, green-black and weathering to red- 
brown, aphyric; amygdales increase upward in size and abundance; 
poorly developed columns at base are up to .3 m by 1 m in size; top 
is a red rubbly flow top.
17 m covered.
(continued from previous page)
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APPENDIX 8
Locations of geochemical samples gathered from the lower Crescent basalts of the Olympic 
Peninsula. The map is taken from a Custom Correct map of the Hurricane Ridge area; it 
covers the darkened area on the Mt. Angeles and Port Angeles 15' U.S.G.S. quadrangles of the 
previous page.
On the following page is a brief description of each sample, additional notes on the location 
of each sample, and a reference to the unit sampled if it was taken from the measured 
stratigraphic section of Appendix 2.
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6- 9 This sample is from unit HRR8 on the Hurricane Ridge road stratigraphic section
(Appendix 2). It was collected from a massive basalt flow along Hurricane Ridge road (see
location map).
7- 3 This sample is from unit HRR10 on the Hurricane Ridge road stratigraphic section
(Appendix 2). It was collected from a pillow interior along Hurricane Ridge road (see
location map).
8- 2 This sample was collected from a dark green diabase along Hurricane Ridge road (see
location map). The rock has small, visible plagioclase laths in hand sample; it is mostly
massive in outcrop, but in some places jointing gives it the appearance of poorly developed
columns.
8-12 This sample was collected about 35 m below the saddle south of Second Pt. (see 
location map) from a red and green weathering massive basalt flow.
12-9 This sample was collected from a pillow interior from a flow just north of the
northernmost tunnel on Hurricane Ridge road (see location map). The unit is made of
aphyric, densely packed black pillows.
Lower Crescent Formation basalt samples
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APPENDIX 9
Locations of geochemical samples 
samples gathered from the upper 
Crescent basalts of the Olympic 
Peninsula. The map at the right is 
from the Mt. Walker 7 1/2' U.S.G.S. 
quadrangle and covers the darkened 
portion of the map on the previous page 
On the following page is a brief 
description of each sample, additional 
notes on the location of each sample, 
and a reference to the unit sampled if 
it was taken from the measured 
stratigraphic section of Appendix 5.
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Upper Crescent Formation basalt samples
11-17 This sample is from unit MW11 on the Mt. Walker stratigraphic sectton
(Appendix 5) measured in the upper Crescent Formation basalts along Buck Mountain road
west of Mt. Walker (see location map). It was collected from a basalt column at the base of
the flow.
35-18 This sample is from unit MW34 on the Mt. Walker stratigraphic section
(Appendix 5). It was collected from a column at the base of a basalt flow along Buck Mountain
road about 2 km west of Mt. Walker (see location map).
38-18 This sample was collected from a column in the base of a subaerial basalt flow
along Buck Mountain road west of Mt. Walker (see location map). The flow is fine-grained
and amygdaloidal with amygdales up to several cm in size.
41-18 This sample is from a basalt column along Buck Mountain road just west of
Rainbow Camp Guard Station (see location map). It is from a slightly amygdaloidal
fine-grained basalt flow.
44-18 This sample was collected from a columnar basalt flow near the peak of Mt.
Walker (see location map). The flow is amygdaloidal with amygdales to several cm.
46-18 This sample was collected from a basalt column near the top of Mt. Walker (see
location map) at the end of a loop in the Mt. Walker road. The basalt has small amygdales and
is fine-grained.
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APPENDIX 10
Locations of geochemical samples gathered from the subaerial basalts that crop out near 
Port Townsend. The maps above and on the following pages cover the shaded portions of the 
Center, Port Townsend South, and Port Ludlow 7 1/2' U.S.G.S. quadrangles shown on the 
previous page.
Following the maps is a brief description of each sample, additional notes on the location of 
each sample, and a reference to the unit sampled if it was taken from the measured 
stratigraphic section of Appendix 6.
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Port Townsend Basalt samples
W1 This sample was taken from unit PT7 on the Port Townsend stratigraphic section (see 
Appendix 6). It was collected from a pillow interior from a pillow breccia along Highway 20 
(see location map 2).
W2 Sample W2 was collected from an amygdaloidal columnar basalt flow near Highway 20 
(see location map 2).
OP1 This sample was collected from a fine-grained, amygdaloidal, columnar basalt flow 
in a roadcut about 2 km northwest of Mats Mats Bay (see location map 3).
MM1 This sample was collected from a fine-grained, amygdaloidal, columnar basalt flow 
in a roadcut along the road on Mats Mats Bay (see location map 3).
MM2 Sample MM2 was collected from a columnar basalt on the south edge of Mats Mats 
quarry (see location map 3).
PL2 This sample was collected from a roadcut about 3 km west of Port Ludlow; the basalt 
crops out on the north side of the road (see location map 1).
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Locations of geochemical samples gathered from the igneous rocks that crop out west of 
Bremerton in the Kitsap Peninsula. The maps above and on the following pages cover the 
shaded portions of the Wildcat Lake and Bremerton West 7 1/2' U.S.G.S. quadrangles shown on 
the previous page.
In the following pages is a brief description of each sample and additional notes on the 
location of each sample.
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Samples collected from the Bremerton rocks
Bremerton flows - subaerial basalts
79 Sample 79 was collected from a subaerial basalt flow in a roadcut along a logging road 
(see locatton map 5). The sample is from a slightly amygdaioidal columnar basalt.
73 This sample was collected in a small valley northwest of the town of Gorst (see location 
map 5). It is from the base of a columnar basalt flow that is slightly amygdaioidal and 
fine-grained.
18-7 Sample 18-7 was collected from a column at the base of the third lowest flow
exposed in the quarry near Gorst (see location map 5). The flow is amygdaioidal and
medium-grained.
18-9 This sample was collected from a column in the middle of the second lowest
subaerial basalt flow exposed in the quarry near Gorst (see location map 5). The flow is
amygdaioidal and fine- to medium-grained.
18-11 Sample 18-11 was collected from a column at the base of the lowest flow exposed
in the quarry near Gorst (see location map 5). The flow is amygdaioidal and fine-grained.
Bremerton flows - submarine basalt
125 Sample 125 is from a massive, blue-green, slightly amygdaioidal basalt flow from 
the submarine sequence near Bremerton; it was collected from a roadcut along Gold Creek 
Road (see location map 3).
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112A Sample 112A is from a porphyritic basalt dike that crops out near the top of the 
small hill east of Hill 1291 (see location map 1). The dike intrudes volcanic breccia of the 
Bremerton submarine unit.
88 This coarse-grained, amygdaloidal basalt dike was sampled on a small knoll (see 
location map 2) where it intrudes submarine volcaniclastics.
59 Sample 59 is of a coarse-grained basalt dike exposed in a clearcut along a logging road 
(see location map 2). This outcrop is composed entirely of mafic dikes.
1131 Sample 1131 was collected from a coarse-grained mafic dike in the roadbed of a new 
road to the top of Green Mountain Lookout (see location map 2). The dike intrudes volcanic 
breccia of the submarine sequence.
98 Sample 98 is from a fine-grained, slightly amygdaloidal, mafic dike that intrudes 
volcanic breccia; it was collected near the top of Green Mountain (see location map 2).
104A This sample was collected from a basalt dike cutting the subaerial basalt flows just 
north of the Union River dam (see location map 4); water level must be low for easy 
examination of this dike. The basalt is medium-grained, has a few small vesicles, is black on 
a fresh surface and weathers to light gray.
KQ3 Sample KQ3 was collected from the northernmost of several dikes in the highest level 
of Kitsap quarry (see tocation map 5). The dike is about 2 m thick and has glomerocrysts of 
small plagioclase laths.
Samples from the mafic dikes near Bremerton
Samples from the Group 1 Bremerton plutonics
30 Sample 30 was collected from the leucogabbro in the large quarry northeast of Tin 
Mine Lake (see location map 1). Figure 6.12 gives a more exact location. This gabbro crops 
out in many places throughout the northern region of the study area and is probably the most 
abundant of the Bremerton plutonics.
GM4 Sample GM4 is from the plutonic rock termed "pegmatoid" in this report. It was 
collected from the top of a hill (see location map 2) where it is intruded by many mafic dikes. 
This appears to be the transition zone from the basal plutonics to the region of 100% mafic 
dikes. The pegmatoid is commonly associated with the leucogabbro and may be its late, 
fluid-rich, differentiate.
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32 Sample 32 was collected from a greenish black basalt dike cutting the leucogabbro 
(see location map 1); Figure 6.12 shows this relationship. It is one of a group of dikes, 
many of which are porphyritic, that cut most other lithologies in the quarry of Figure 6.12.
35.2 This sample is from a thick (7 m) black gabbro dike that intruded the leucogabbro 
in the quarry northeast of Tin Mine Lake (see location map 1); Figure 6.12 shows this 
relationship.
38 Sample 38 is from a "crisp", very fine-grained, massive intrusive in the leucogabbro 
in the quarry northeast of Tin Mine Lake (see location map 1 and Figure 6.12). In places the 
basalt is porphyritic; it is blue-black on a fresh surface and weathers to a distinctive 
orange-black.
Samples from the Group 2 Bremerton plutonics
Samples from the Group 3 Bremerton plutonics
45.1 This sample is of a quartz diorite that appears to have intruded the black basalt 
(sample 38) in the quarry northeast of Tin Mine Lake (see location map 1). Figure 6.12 
shows this relationship.
45.2, GQ9 These samples are tonalites; they may be gradational to the quartz diorite 
(sample 45.1) and appear to have the same crosscutting relationships (see location map 1 
and Figure 6.12).
111C This sample, collected at the top of Hill 1291 (see location map 1 and Figure
6.12), is quartz monzonite that appears to have been the feeder of the felsic flow capping Hill 
1291. It may be the vertical differentiate of the intermediate rocks (samples 45.1,45.2, 
and GQ9) located in the quarry below.
Dacite dike geochemical sample
85 Sample 85 was collected along a logging road (see location map 4) where it intrudes 
subaerial basalts, the dike forms a resistant ridge; it is porphyritic with phenocrysts of 
hornblende and plagioclase.
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APPENDIX 12
These values were used on the pseudoternary phase diagram of Figure 6.13, 
the plagioclase + magnetite projection.
GROUP SAMPLE NO. OLIVINE DIOPSIDE SILICA + ORTHOCLASE PLAGIOCLASE
6-9 0.467 0.494 0.040 0.926
lower 7-3 0.406 0.506 0.088 0.927
Crescent 8-2 0.806 0.588 -0.394 1.720
basalt 8-12 0.496 0.479 0.025 0.994
12-9 0.358 0.365 0.277 0.741
11-17 0.439 0.434 0.128 0.817
upper 35-18 0.383 0.412 0.206 0.693
Crescent 38-18 0.360 0.373 0.267 0.630
basalt 41-18 0.456 0.484 0.060 0.894
44-18 0.429 0.486 0.085 0.819
46-18 0.438 0.462 0.100 0.792
W1 0.462 0.307 0.230 0.832
Port W2 0.336 0.435 0.229 0.698
Townsend OP1 0.343 0.416 0.241 0.712
basalt MM1 0.342 0.423 0.235 0.718
MM2 0.340 0.441 0.219 0.720
PL2 0.350 0.442 0.208 0.696
79 0.399 0.380 0.220 0.781
73 0.463 0.574 -0.037 1.062
Bremerton 18-7 0.333 0.422 0.245 0.713
flows 18-9 0.346 0.414 0.240 0.688
18-11 0.311 0.360 0.330 0.611
125 0.393 0.338 0.269 0.654
112A 0.408 0.480 0.113 0.936
88 0.500 0.476 0.024 0.849
Bremerton 59 0.399 0.452 0.149 0.948
dikes 1131 0.379 0.398 0.223 0.700
98 0.414 0.480 0.107 0.895
104A 0.484 0.447 0.069 0.882
KQ3 0.615 0.386 -0.001 1.234
Group 1 30 0.372 0.443 0.184 0.952
plutonics GM4 -0.142 0.550 0.592 0.819
Group 2 32 0.498 0.416 0.086 1.237
plutonics 35.2 0.369 0.379 0.251 0.790
38 0.820 0.017 0.163 0.844
45.2 0.182 0.039 0.780 0.877
Group 3 GQ9 0.123 0.062 0.815 0.538
plutonics 45.1 0.183 0.082 0.735 0.552
me 0.040 0.031 0.929 0.327
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APPENDIX 12 (continued)
These values were used on the pseudoternary phase diagram of Figure 6.14, 
the diopside + magnetite projection.
GROUP SAMPLE NO. OLIVINE SILICA-i-ORTHOCLASE PLAGIOCLASE DIOPSIDE
6-9 0.326 0.028 0.646 0.345
lower 7-3 0.286 0.062 0.652 0.356
Crescent 8-2 0.378 -0.185 0.807 0.276
basalt 8-12 0.327 0.016 0.656 0.317
12-9 0.260 0.201 0.539 0.266
11-17 0.317 0.092 0.591 0.313
upper 35-18 0.299 0.160 0.541 0.322
Crescent 38-18 0.286 0.213 0.501 0.297
basalt 41-18 0.324 0.042 0.634 0.344
44-18 0.322 0.064 0.614 0.365
46-18 0.329 0.075 0.595 0.348
W1 0.303 0.151 0.546 0.202
Port W2 0.266 0.181 0.553 0.345
Townsend OP1 0.265 0.186 0.549 0.321
basalt MM1 0.264 0.181 0.555 0.327
MM2 0.266 0.171 0.563 . 0.345
PL2 0.279 0.166 0.555 0.352
79 0.285 0.157 0.558 0.272
73 0.311 -0.025 0.714 0.386
Bremerton 18-7 0.258 0.190 0.552 0.327
flows 18-9 0.272 0.188 0.540 0.325
18-11 0.248 0.263 0.488 0.287
125 0.298 0.204 0.497 0.257
112A 0.280 0.077 0.643 0.329
88 0.364 0.017 0.618 0.347
Bremerton 59 0.267 0.099 0.634 0.302
dikes 1131 0.291 0.171 0.538 0.306
98 0.292 0.075 0.632 0.339
104A 0.337 0.048 0.615 0.312
KQ3 0.333 -0.000 0.668 0.209
Group 1 30 0.247 0.122 0.631 0.294
plutonics GM4 -0.112 0.467 0.645 0.434
Group 2 32 0.274 0.047 0.679 0.228
plutonics 35.2 0.262 0.178 0.560 0.269
38 0.449 0.089 0.462 0.009
45.2 0.099 0.424 0.477 0.021
Group 3 GCB 0.083 0.552 0.364 0.042
plutonics 45.1 0.125 0.500 0.375 0.056
me 0.031 0.717 0.253 0.024
164
APPENDIX 13
The following description of the geochemical analytical technique is from an in-house 
paper by P. R. Hooper and D. Johnson in the geology department at Washington State 
University, Pullman.
MAJOR AND TRACE ELEMENT ANALYSES OF ROCKS AND MINERALS BY 
AUTOMATIC X-RAY SPECTROMETRY
January, 1987
INTRODUCTION
Twenty-three elements are analyzed routinely on the new (1986) automatic Rigaku 3370 
spectrometer. The elements are Si02, AI203, Ti02, Fe203, MnO, CaO, MgO, K20, Na20, 
P205 (all as oxides, wt. %), Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn (as element, wt. 
%). Major and trace elements are analyzed on a single 2:1 lithium tetraborate:rock powder 
fused disk. Each element analysis is fully corrected for line interference and matrix effects 
of all other analyzed elements. The results are normalized and printed out with iron 
expressed as Fe203.
The following notes summarize the sample preparation techniques employed, possible 
contamination problems, and provide quantitative data on precision (reproducibility) and 
accuracy of the results.
SAMPLE PREPARATION
Samples are normally received as, or reduced by tungsten carbide jaw crusher to, small 
(about 1 cm) chips. Fresh chips are hand picked to half fill a 24 cc glass vial, which is then 
emptied into a Tema swingmill (shatterbox or ringmill) with tungsten carbide surfaces and 
milled for 2 minutes. 3.5 gm of this rock powder is then weighted into a plastic mixing jar 
with 7.0 gms of spec, pure lithium tretraborate (U2B407) and, with an enclosed glass bead, 
mixed automatically for 10 minutes, the mixed powders are then emptied into graphite 
crucibles with internal measurements of 34.9 mm diameter by 31.8 mm high. Twenty-four 
filled crucibles are then placed on a ceramic tray and loaded into a muffle furnace only just 
large enough to contain the load. Fusion takes 5 minutes from the time the preheated furnace 
returns to its normal 1000 degrees C after loading. The ceramic plate and graphite crucibles 
are then removed and left to cool (10 minutes). Each bead is then reground in the Tema 
swingmill for 35 seconds, the glass powder replaced in the graphite crucibles and refused for 
5 minutes.
After the second fusion the cooled beads are labeled with an engraver, their lower flat 
surface is ground on coarse (240) grit for approximately 10 seconds, then ground oh fine 
(600) grit for approximately 10 seconds, washed in an ultrasonic cleaner, dried, and are
then ready to be loaded into the XRF spectrometer.
Use of a tungsten carbide mill means significant contamination of the powder with tungsten 
and cobalt. Some niobium contamination has been suggested (Joron et al., 1980; Hickson and 
Juras, 1986) but analyses of pure vein quartz by the same preparation techniques show no 
significant contamination. Hand picking of fresh chips after the use of the steel hammers or
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hydraulic presses should prevent significant iron, chromium or nickel contamination.
However, the occasional wide variation in Cr and Ni in different samples from the same lava 
flow, a variation well beyond precision in some cases, suggests that such contamination may 
occur unless the hand picking is done carefully.
XRF ANALYSES
The concentrations of the 23 elements in the unknown samples are measured by comparing 
the X-ray intensity for each element with the intensity of two beads of each of eight 
international standards (USGS standards PCC-1, BCR-1, BIR-1, DNC-1, W-2, AGV-1,
GSP-1 and G-2). The standards are run and recalibrated approximately once every two 
weeks or after a run of between one and two hundred unknown samples. The operating 
conditions for each element are listed in Table 1.
PRECISION
Two fused tetraborate bead samples (BCRP-84 and GSP-1) are used as internal standards. 
They are run every 28 samples routinely to provide a check on instrumental performance 
and provide a measure of instrument precision. Results of 30 measurements of each bead 
acquired over a six week period are listed in Table 2. Variation is given as one standard 
deviation expressed in oxide percent (major elements) or parts per million (trace 
elements), and as relative percent.
The largest variation occurs in iron, whose count rate decreases with time. When 
normalized the change in iron is reflected in a compensating increase in other elements, 
especially Si02 and AI203. GSP-1 with less iron thus shows significantly less variation than 
BCRP-84 for the more abundant elements. This precision data may be compared to the 
reproducibility of the standards measured immediately following each calibration (Table 3).
The differences are due to drift between standard calibrations. Again, this drift is due almost 
entirely to iron.
ACCURACY
Absolute accuracy is impossible to quantify exactly as no absolute standards are available.
The best estimate of accuracy is derived from the standard sample calibration curves 
(here a portion of the original text is omitted). These curves are the best straight line 
computer fit drawn through plots of X-ray intensity versus given composition ("theoretical 
Intensity"). The scatter of points about this line is a measure of accuracy of the method for 
each element. Actual figures for four of the eight standards are given in Table 3. They 
deserve careful scrutiny. The variations (one standard deviation) for each element in this 
table are a measure of the reproducibility of the calibration curve over a four month period.
For most major elements the variation between the two beads is of the same order as their 
variation from the given value. The inference is that variation between samples of standard 
powder or inhomogeneity resulting from the preparation of the refused beads is greater than 
inaccuracies caused by inadequate matrix and interference corrections. In some cases (Si02, 
AI203, MnO, Na20, for example) both bead values lie to the same side of the given value and 
here there is the possibility that the absorption corrections are not quite perfect. With the 
exception of Na20, however, the total discrepancies from the given value (assumed here to be 
perfect) are less than might reasonably be expected between two random samples collected in 
the field from the same rock unit - lava flow, igneous intrusion, etc. Hence, these variations
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For trace elements the precision for Ni, Cr, Sc, V, and Ba is significantly less than for Rb,
Sr, Zr, Nb, Y, Ga, Cu, and Zn. This correlates with the much lower intensities for these first 
five elements (measured as cnts/sec/ppm) using the Rh tube (here a portion of the original 
text is omitted). Some nickel in the Rh target exacerbates the Ni precision problem. Each of 
the elements Ni, Cr, Sc, V, and Ba can therefore be regarded only as semi-quantitative below 
the 30 ppm level. Rb, Sr, Zr, Nb, and Y have satisfactory precisions and accuracies down to 
one to three parts per million. Nb and Y could probably be measured to 0.1 parts per 
million. Ga, Cu, and Zn display considerable variation between the two samples, although 
their average values are adequate. The cause is not immediately clear, but the evidence points 
to sample preparation and poor distribution of these elements in the refused beads.
REFERENCES
Joron, J.L, Briqueu, L, Bougalt, H., and Treuil, M., 1980, East Pacific Rise, Galapagos 
spreading centers and Siqueiros fracture zone. Deep Sea Drilling Project, Leg 54: 
Hygromagmophile elements - a comparison with the North Atlantic. Jn Rosendahl, B.R., 
and Hekinian, R., et al., 1980: Initial Reports of the Deep Sea Drilling Project, vol.
LIV, U.S. Gov't., Washington, D.C., p. 725-727.
Hickson, C.J., And Juras, S.J., 1986, Sample contamination by grinding: Canad. Mineral., 
vol. 24, p. 585-589.
can be regarded as insignificant for purposes of correlation or petrogenetic modeling.
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TABLE 1. XRF Spectrometer Operating Conditions Rhodium (Rh) Target; 50 Kv/50 MA; 
Full Vacuum; 25 mm Mask
BACK- BACK-
SQUNI SBOm COLMI (£QLLC CWNT CXpPRECTm
FIFM=NT 5?1 IT CRY55TAI COtlNTTPR Pk29 (secs.) 129 isecs.1 229 (secs.) EQB
Si K<x C PET FPC 109.040 40 _ _ •
Al Ko^ C PET FPC 144.730 40 - -
Ti K<x F LIF200 FPC 86.205 40 - -
Fe Ko< F LIF200 FPC 57.515 40 - -
Mn Koc F L1F200 FPC 63.000 40 - -
Ca K(X F LIF200 FPC 113.160 40 - -
Mg K<x C RX35 FPC 19.900 40 - -
K K(X C LIF200 FPC 136.710 40 - -
Na Kc< c RX35 FPC 24.060 40 - -
P Koc c GE FPC 140.870 40 - -
Ni Ko< F LIF220 Sc 71.200 160 70.630 40 71.850 40
Cr Ko< F LIF220 Sc 107.040 160 107.900 40 106.25 40 V
Sc Ko<r F LIF200 FPC 97.780 160 97.080 80 - -
V Kof F LIF200 Sc 76.880 160 76.240 80 - - Ti
Ba K<X F LIF200 FPC 87.210 160 - - 88.060 80 Ti
Rb KCK F LIF220 Sc 37.920 80 37.570 40 38.570 40
Sr KoC F LIF220 Sc 35.780 80 35.430 40 36.430 40
Zr Ko< F LIF220 Sc 32.030 80 31.700 40 32.500 40 Sr
Y Ko< F LIF220 Sc 33.820 80 33.550 40 34.380 40 Rb
Nb Kc< F LIF220 Sc 30.360 80 - - 30.800 80
Ga Ko< F LIF220 Sc 56.140 80 55.800 40 56.650 40
Cu K<K F LIF220 Sc 65.490 80 64.920 40 66.330 40
Zn K(X F LIF220 Sc 60.520 80 59.880 40 61.540 40
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1TABLE 2. Rigaku Automatic XRF Analysis: Instrument Precision
BCRP (30)
Average
S.D.
%/PDm
S.D.
Rel.%
%
Si02 55.42 0.13 0.23
AI203 13.02 0.04 0.31
Ti02 2.285 0.014 0.61
Fe203 13.68 0.22 1.61
MnO 0.187 0.002 1.07
caD 7.02 0.03 0.43
3.34 0.03 0.90
K20 1.68 0.01 0.60
Na20 2.81 0.05 1.78
P205 0.365 0.004 1.10
ppm
Ni 2.1 2.0 95.24
Cr 17.0 5.3 31.18
Sc 29.2 2.7 9.25
V 407.9 10.0 2.45
Ba 696.3 16.2 2.33
Pb 49.7 1.3 2.62
Sr 335.9 4.0 1.19
Zr 180.7 2.1 1.16
Y 37.1 1.2 3.23
Nb 10.1 0.8 7.92
OBi 21.5 1.3 6.05
Cu 28.0 2.3 8.21
Zn 146.3 5.7 3.90
(11/11/86-12/23/86)
GSP-1 (301
S.D.
%/DPm
S.D.
Rel. %
67.38 0.05 0.07
15.42 0.02 0.13
0.677 0.007 1.03
4.36 0.08 1.83
0.039 <.001 2.31
2.04 0.02 0.98
0.82 0.02 2.44
5.55 0.01 0.18
3.15 0.04 1.27
0.294 0.004 1.36
16.3 1.6 9.82
8.9 4.7 52.81
3.9 2.4 61.54
40.7 7.4 18.18
1309.0 26.7 2.04
254.5 2.9 1.14
235.0 3.0 1.28
511.4 6.2 1.21
31.4 1.2 3.82
29.0 0.7 2.41
22.0 1.5 6.82
39.4 2.5 6.35
94.8 2.6 2.74
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TABLE 3. Rigaku Automatic XRF Analysis: Estimate of Accuracy
AGV- 1 Andesite n2) G-2 Granite f12)
%
Si02
Bead 1 Given Bead 2
S.D.
%/ppm
S.D.
Rel. % Bead 1 Given Bead 2
S.D.
%/Pprp
S.D.
R9l, %
59.81 60.05 59.91 0.040 0.07 69.02 69.70 69.45 0.060 0.09
AI203 17.68 17.56 17.72 .035 0.20 15.99 15.54 15.92 0.042 0.27
Ti02 1.054 1.06 1.058 0.0035 0.33 0.482 0.51 0.492 0.003 0.59
Fe203 6.97 6.90 6.72 0.015 0.22 2.71 2.71 2.77 0.0085 0.31
MnO 0.098 0.10 0.097 0.001 1.00 0.032 0.03 0.032 0.0008 2.67
cao 4.91 4.99 4.94 0.009 0.18 1.92 1.96 1.93 0.0065 0.33
MgO 1.55 1.56 1.45 0.0085 0.54 0.60 0.77 0.62 0.01 1.30
K20 3.04 2.94 3.01 0.0055 0.19 4.51 4.55 4.47 0.006 0.13
Na20 4.14 4.34 4.35 0.03 0.69 4.31 4.10 3.88 0.065 1.59
P205 0.496 0.50 0.492 0.0015 0.30 0.140 0.14 0.139 0.0012 0.86
ppm
Ni 26 19 22 2.4 12.63 13 5 14 1.65 33.00
Cr 16 12 8 6.0 50.00 6 7 5 4.25 60.71
Sc 13 13 12 3.55 27.31 3 4 3 2.05 51.25
V 123 125 126 6.35 5.08 24 35 34 6.30 18.00
Ba 1206 1208 1217 14.6 1.21 1835 1870 1848 16.25 0.87
Fb 68 67 68 0.8 1.19 165 168 169 1.45 0.86
Sr 660 657 656 1.8 0.27 463 479 472 2.55 0.53
Zr 219 225 215 1.35 0.60 295 300 301 1.45 0.48
Y 21 21 20 0.55 2.62 13 12 14 0.80 6.67
Nb 16 15 15 0.70 4.67 16 14 15 0.50 3.57
G& 20 21 20 1.4 6.67 22 23 23 1.30 5.65
Cu 57 60 60 2.25 3.75 10 11 11 2.05 17.08
Zh 83 84 86 1.70 2.02 73 85 79 2.60 3.06
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TABLE 3 (continued). Rigaku Automatic XRF Analyses: Estimate of Accuracy
BCR-1 Basalt (I2f________ ______ PCC-1 Peridotits (1.21
%
Si02
Bead 1
Given
AGV-1 Bgal2
SIL
ox/el Rel. % Bead 1
Given
AG.V-1 Bead 2
.ML
ox/el
S.D.
Rel. %
54.75 54.69 54.49 0.035 0.065 43.94 44.19 43.95 0.04 0.09
AI203 13.45 13.66 13.65 0.03 0.20 0.99 0.78 0.90 0.01 1.54
Ti02 2.228 2.21 2.214 0.005 0.22 0.031 0.02 0.033 0.004 20.00
Fe203 13.77 13.51 13.59 0.03 0.22 8.53 8.81 8.34 0.01 0.14
MnO 0.199 0.18 0.186 <0.001 0.35 0.130 0.13 0.128 0.001 0.96
caD 6.98 6.94 6.92 0.01 0.16 0.58 0.54 0.58 <0.01 1.30
MgO 3.36 3.48 3.46 0.01 0.25 45.05 45.54 45.29 0.03 0.07
K20 1.70 1.70 1.79 <0.01 0.26 0.00 0.00 0.00 - -
Na20 3.04 3.28 3.15 0.02 0.65 0.25 0.01 0.27 0.016 155.00
P205 0.368 0.36 0.367 0.0016 0.43 0.000 0.00 0.00 • -
ppm
Ni 3.6 16 4.3 1.3 8.10 2302 2339 2297 6.5 0.28
Cr 17.8 18 15.7 5.7 31.39 2725 2730 2702 10.1 0.37
Sc 30.1 33 31.8 4.2 12.82 7.2 6 10.2 5.3 87.50
V 394 399 396 6.4 1.60 38.8 30 37.7 6.8 22.50
Ba 685 675 666 18.3 2.70 9.6 1 15.0 10.3 1000
Rb 46.7 47 47.3 0.9 1.81 0 0 0 - -
Sr 329 330 326 1.4 0.42 0 0 0 - -
Zr 175 190 175 0.9 0.49 10.3 7 10.3 0.5 7.14
Y 36.2 37 35.9 0.9 2.49 1.5 3 1.3 1.0 32.50
Nb 12.7 14 11.1 0.7 4.82 2.7 1 2.5 0.7 70.00
Ga 21.9 20 21.8 0.9 4.73 0 0 0 - -
Cu 14.7 18 17.6 5.0 27.50 17.0 11 12.9 2.6 23.18
Zh 125 120 122 2.6 2.13 36.3 36 40.6 1.8 5.00
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